


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1992-12 


Estimating characteristic life and reliability of 
an aircraft engine component improvement in 
the early stages of the implementation process. 


Martens, Scott L. 


Monterey, California. Naval Postgraduate School 
http://hdl.handle.net/10945/23879 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
uL D U DLE Y research mate lesa and institutional publications c reated by κ NPS community. 
Йй | | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
ІШ | КМ OX appointed — and published — scholarly author. 
| LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 































































































(m 


1 















"LC 22% | Ln 
а F d қ ‘ fud м iY ETE S 

қа .. =: ~ = 1% б [ILE FL Lr) k Н . Н NAI 74) К ~ А, ы 2 
Е ИЫ ας MEM Е — "PT ae Ebo ту HE D PH "m σα. n | NEP zy 
τ ΟΝ уа TM DOE {ΠῚ 7 XT КЫ ча ДА Ὅν DASS c A 

е F A UAE Ue НЕ КЕ Ми nne κ. —B8 „421 2. M Үр i SB ties 

i DICIT Hf А > — МИ а ү, ity а μμ Д NEIGE 
б ТІГІЛІП ah i: А ) E а * ан, ој» —* ЯЕ a A Ua П у а 

« . TELES E ВИ TR Ју 1 Wy мер ae ха R ng КҮТ * k 

о чы VILE b Ц 31 ЖЕ .) ПШ КЕ НҮ TARDA АЈ TEE HT 
h ү ШТ T š ue η γον ΠΗ͂ TE ПАИ ЛК 
ος d T Y rm аа ТЫ; š ΤΩ —8 16 $, νε же қ! EH A АК Wd 
M Ы ` ты t. BA PE ΕΝ НҢ a ut iE E ES zh Hatt 482 tr fr: 
η xl E AR No Ince ni AD be πρ el D S 4, ју 36 өз" 
KT 


58 
DA 
— де, ο 


Bs 


EN m AL wit 





















АП 
* Й КЕ — *8* СУЛЕ 


MARU S dh PIN 


БИЛ ta n "LA 
ШЕНЕП МИЫ 'sh ' 
ТЫН Ты же 

Μπ Аы; ' 
greta 






ΠῚ АЈ 
Ag a Өлке VENT 
АТ 





ἂς СЕ 


ОНИ 
















A RON 





4 Ды 
— “ 





iim 1 DM ΠΤ] 




























ТИИ» D эй 












































































































































































































































































"t р Soret 0 
' "г aft, `. " , ҢА нем ΚΗ пио а 
ΗΝ E ws u к αν TI ος hh δι Node ЖА? siis M ‘at — 
ы = n 
ye Н М у o LL dt а, M ΑΧ |. ~ ТОНЕ; 3 ae Y ЊУ ' Ανν L4 
1 | ЗА Hi UE а КК T) MT И " OE X | — ΠΣ Қ n 
rr "E ΠΡῚΝ ΤΝ; ч σης a RA mi 
Е: ο ΑΟ, Pa 
λα. ЖАЗЫ Πτα ЖСН —88 СА ДЕ И fear n va — ΜΗ; ο A 4 m * d 
Ы n nt EC ae δν un ТЕКТЕН ҚАНЫ a TIR * E $ 
J М ча. * pL han Fu η] Ly Ἢ В 
а ο μα RT DLE И ђе ней 
un THE ULT Ue а, αμ 1 RO Г "Ó: te m EIU eU. — т 
A ο ΗΕ κ cv — BR rier ht ta ctr ΚΠ Я 
JAMES ғы ain eit TU š ГЕН Be AUTE d CE š πμ „а 41745 
ΠΠ E ИСО ы a" Se one 0 UN E Nn : ` "n ñ é DDR 
4 一 ГЕ! a ГУ s + . Doc П “га m ЈА И ΓΣ Ἢ КУД 8 $ by oa PM i ч ΠΗ ty H 3 br mus ` 
* πο 1 —— aye П Un. — [ΤΊ ΠΣ i 424 es СТЕ Қ. ge * κ. " ae КА E A: T ER E AM s uS. — i но 
a RE D Ы cae у „е А diia Ú — TN ы MT A П 3i В mp RT n nat Ug ТІ ЈАЧА δε ο. Aa ii 44. РАНИ] —J k EET ντ. 452 v аа UE ——— as —— n 
ETE UN ЕКЕ — ο Sa RRR On pu NE OR EY TE 
ITIN Y "DOCE m ә — n πε i. а T а ον let DUE d E ИТ κ 90 a ΠΝ μένη Y — дық Ae € 
\ Я m h . "ea au ' АУҒАН ' Dr ΠΗ͂ n Р 
h — Bh TR pr "n Πα ηλ Yes — "Here, ΝΑ ο DA А zx T St КЫ; ђе EET - G 
HE ы ды ροή REATO H — E 14* M Jui САЛИ 5424 > S * 
Uf dar | Mas ery TII] ен PREETI РТУ Раи 
LETI 


Pu 
Ж See * ACE wu * 
aS us EXTUS E 








—— 


. 
А СРЕ bio E " 
2% [] I es be Кеч түү ты 
— ҚЫЛ и И ОШ ei — КРЕ ve Sur ore ash 
n 
















M 
ЈЕ 
Tu 


Ns T 


HAIS ay Cy bee 
LLA hod FA ұңғ À 





4114 










NES КТВ р 44.4” 
































































































































RE CI LN ht oet АИ У а” 

ло. η 4% i ri РЯ — ДУ 
` .. Тат * es 

LL — rak: UE —— 

E e ç ЖАҒЫ. ч Py Pri ver 
О a д 2 OK xir 1 ПЕР Y M TI EE cost — А MAE — este y e ^ 1358 “e rete АРИ ЦУ ада 
. 2 neo с A НЕ ur Died] сн р асны СРДО Met SEEN Мл “Ди FE A S KE CORO OL ~ 55,25, 

= H " КУЙ "PL — НЕКУ Пана НА " РТА 1. 4. ασ! 4 “. CELTI TTE DE E I ο У m τὰ a — ТАҚЫ, VU η 4 pre МИ и 19 4354) — Е 
ры ТЕ РОН С ros Pep NH JE ° - nat "E A ΓΗΣ а n я = ME . T š АН ur р ү НЕЕ 2“ АНУ КГР? P и “ ἘΣ M nM 
— Wi Eu RSS - ΠΝ MURIS is ат маан — a Пт д» wr vt % 
r On Ὁ, M x 4% e ы б —88* matt In ЕЪР EA A 422 ; 
DII - ος ы . ... 
w П а 4 τ ΠΕΠ 
S ME ἘΣΤΙ ИП [wis 4 ΠΡ: жихад MILII S 





44 FE TUE ТЕП ad 
Nc РАТА) ГИ 
4. 





SEP TK M εἰς i 
A m 


253 








АТА Т k: ur A, 
ER ος en 1 FE Ps 
ese сы ЕЯ 
р MU ER e Dc 
I ГЫ οἳ = EAE AR 


А 
ДАЛ Адал ТҮ —— 
MEI ERAT SAM EE 
ИКИ БЫР κ [M 
—5 * IT 


Hap а ар 
ΤῸ T NUT ER 



































Rad PM 
ШУ, 
—* 




























| ч 
м. ч ұға 
ОМА 









СОЛИСТА 
"ё Τη КТИ zn 
h 1 ТІГІ vA Қ EC a 
ee ШЕ ЖҮ LE . απ 
RS o „*„% РИГА 
АМИНО , 1 
АМЕ. .% 





OE 
LY 





























а . 
ИТТ E 
τ ТЕГІЛ” 











ΠΗ ΠΩ ГІСІ 
RI ΠΝ 








Ve 
ңе 

























' AA E n “ Рас ΠΗ 
τὴ Ж ~ ran ee HER ur discs WE mun Т HOA N So teo, Vr Rate НЕ БЕСТ 

%, И Aat 9 айа ил, dt [] Је И die fun u А k nm Padel PE — ten A 4j 
"m SE > 38 s а И ο RIA Te i” 








М9 ΠΣ 
sny: DLL S б 





Т 
ПСИ) «van 
ТЕ [om њу 






£ 
[T] 















































































































































. 
R Ay ОМА £ ы A —— 
4" ЖАР — И РАС КИ ОК ^43 КЛ sr Ras SG IR Yon E 

AT БЫ А ii, ЖУЗ 45 НИ MP DEA SAL и МЕ E OUS yet KA sa js —— P REA 2.0 Ұлы 
TL МИ AP ТІНІ РЕНЕ ΜΠΕΗ ΝΟ ΛΣ Bod г ОКА Ме у> " НИЯ KE —8B Mr ҚУ; н 
ΝΤΟ ot ο ТЕН ER μι, HORIS ШЕРА У 86 и ETAT PG 7? EN FALE р š, У ан НЕ) AES AS 
НЕКУ РИЧИ МИА —V gs Cur Irene AR! mm i (ea " Pn PER И obw ҚОТАН ο ΤΣ, 
ary vie д PNE ~ bU Dr Нық; 3 ΚΝ . КИШЕНДЕН и P p 4 M. eS "HE Ae ГН ὍΝ. μπα [2j em Ἂν ως. НД? Ἡ d ея За E. ич — М, o ete zz 

р E a i in П Ы КЪЫ A 4 κ ΑΕ ΛΙ) E ТЕ ne * 3 
ji bn B PUES М EU у Лем d РЕЗЕ Er "эб АП * H^ TIL Ue μα i ie БАНИ Ы 24 x te Uis SEXE 

2 LI" А ә Ba κ Ma Е 4 
Μο IE па ης n Ма ТТЫ tec PET Lo IH PANT M ее №3 EY Sr Kent t n НАУ I5. Ру 











ДЫ: 































































































































































































































































































































































































































































































































































































































εἲ 4 
А г Ма ГЫ [ΠΩ НН 34“ . 
— ΠΩ nt АНАЛ hy 4 ki UE n ΝΑ RM ge RT 
E x š oh n Д МҰНЫ 9: Е nu 5% НУ ΜΒ ἬΝ ΚΠΣ 
y DET a - va n "XT 和 л САВА LLL ЧОИ 
~ ο μονη, TEES DL PE © "uu FAL RI $ = п 9,4 (ТЫЗ ң.“ 
Sys S μι ὃς АМИНО Ж Б За и ПИ а ЕЕ Те РУО Tz i CENTS ру m C t 2 Е 
TET t ' š D ИЕТІН ν i DEL τς 
ΠΤ H mm ar лү ο οι ERE μπω κ, ы ΣῊ fu att a ue T eder — ND EPI ES κ — Ёз қығы 
ΠΟΙ ы) MD ә" B HT, d n er — ΜΉ at ЕҚТА) ç ч ы UA 
ШЙ wd ы ПАРА" 54 ital, МДЕ РТУ oF Жі > 1 
| TE «d aor GN E пећ је PIA КА Е 9 МІР XM 3 —— s 
n ; у Н ЖЕҢІ w a Ë ` a A 
"hes балы n da IR HN UNIA POLIS m LANE E зе Ме ТОЛ 
а ΤΟΝ 8. Auk PES р 5 ΠΟ ΤΡ KAP Ne Cree us P 25 
| Φ ο RE А τ κ ЫТЫ P T .7 «4» S. „А, a" И СКУНС nas 54 — ҚАНАТ xS A Е 
Й О ΤΣ Ј i ИТ , 7 4 E 
В .. 7 1 Е з 6%: % 2 n» Ἂν ч. —— d MEER 9 че * — МГ Ба ae pie sa Ер 5. Оғы 
T η Di. iw 6 ЕЕ ERN 4 до» ПАРИ ЕКА И Τα. ИМ dene iy ch ΩΣ гыл, 
BO аи ΑΗ ΑΝ ΜΑΙ ΙΕ НИ —— 
Py ' Е П ΠΣ 5 ТИТУ. x Ны PLE] MENTEM ΙΙ ΠΠ У 4 UG D 2 ал n EOS " | 
ГН ТТТ ΝΡ ΤΩ | ‘a 1 РОА КУК : ы. ОЛАЙ ОТА ҚР LEAD EE A 9 m. 
б " n .ь . wet ge ыл EM: КТ, ШҮ — чу и MIL еі Мы. = i 
о at Me ИР > AY; Lr ce dur Н ^ [AN PIU RE DA rest 56 rs i ed 
Е Я se o» Р 2 А K IMS x d^ a ПАЈЕ ТУЫ ü ESL КЫРККАН 5 ë ле EE os 
d HP x. Ww iur. PTT ТЕГІН E F МА PP ПАРУ УНИ СИОН АЕ [69 
m O " ο. y ылады ЖОТАНЫ; nl —“ 441 Δ} α- I EL P ' 15-ы. ere Te hb EY. И ЫҚЫ 4 LA Č 9535 
es επ ΗΠ ΚΎΠΡΩΙ p MED ty = ey ro i RA sian Нм. eur. Pa НИ HIN џи ДА АННЫ i НА” КЫМ MY 54 ` (ata 4”. г м 
Πρ "TEL m О ЧЕ ; pr dii don ir De aM INI SINIT LA ӛн "ВАЗА и ее p 
Š ПИ УТЕС .4....4.7» ды Ма А М Hes. pim il hs ТАТЫ man ы ЕГЕ 学 ыж а —— 
ος προ ГЕНІ e ПАНИКА RE ИО re ΛΟΡΑΝ Say JT Vt T 
9 ze = ОЧ ЧИККЕ nnm ET ΡΝ » Br a D SH TIT а co БАР, 
τ — ER АС А ТАУЫ К ЕЛ) A ‘ и, Қат er + λος ay £ "Ü А50 
] e Ж d μμ E ñ 
... ee tat it, Eus x Mero —* А 
А 654: Tnm f 
E ΠΠ — И У p ç 
νο ам siatt ТҮТІГІ КРАЈА ML 4 А p» ` + ы ИЕ 4 "gs Y ЊЕ * ^r Ea ЗУ 
си 2454165 E е5 *4 Маи ч os РА ERE — Ма хо 
р “ТИ Г; TOUT НН ТРИ — Hen PSI Ea "р. 030450 te 
ЧАЙ Tea ΣΉΝ tg. LER IHRE: "ТЫСТЫ; НЕ enda. Dmm E ae А элу, 
. ) ПРЕ РУГУ 5 "МАЎ ү Я ЗУНА жа at НЕЯ п 
е Е тн: ТР ШЕ TH iei ΠΗ ҚАСИ τη TK Aet 
n — — ην ση г A Mer А oa npo — 
АТЫ ЖАУ, το D B ENS ONE NR | va КД ИЕ CON У rf. ET TES η: μμ μας yi W У т 
е ^x MD Yon my ΜΑΙ ҚҰМЫ ΤΉ ΤΗΣ АНА ЦИЉА НА А RECO LEE C DE TS PU m Пн 
: B E tSc niei —A ИРА ЧУТИ ОУН РОДОМ ПИНК TEES AB BAA РАИ НИ РУКА VOS utl Не * 
T ы ШАА Ти ыл Шул г 1 » ni WU τμ ГЕРИ ΩΣ DW LO PEERS nrc: Et T 
—— М ΜΕ — ть TITLE TER ба Τη л TREES "Sors 人 гах НГЕ ҚУА: ЫЛЫҚ 
UE. E ы OE A Ба DM. TE D hee — — é ER АҮ Ј ts ü li M; e ме TET] D ИД И or 
m и МО UNT ΣΙ У а 1 E Hue (YP Tn 
К © 本 ET - S H Hee 9 СИ “44 E < ^. P Β ЈАРДИ ВЕ 4 
А ΠῚ ^ СПИСИ ГРАН esr È.’ o oy w 41% F n^ d 
А = E ГЕС mI ч 4 d 
v^ τς enu ^ ы УА 4 an us i ШЕ. SA e 4 nn " Pes КИИ АЛАР 44244 DOE 
ΓΡ " n ML PEL T Tene 4 iy ECL < AM Wn t мон А d e d Am 
б М πο η "ES eHe: £e ПРЕТИ НАИЋИ Ы. ы; 445424 ІЗ ` epu LIH 
А t s > ` 9 - iis ruv У ғ; : ors ΚΟ f n Ай 8 
KR а N + "MP ἕν НУР АН НАТР ЕЕ HAE, 
" "ED Т > » Ш Ы ` °. 
с. У мак № ‘ PLA H a'm ga ОМ i. UTA n3 ПЕ UE δὴν * TAK ATE ΠΡ HO 5 
4 SERA: i ned TU T й nis K ΠΠ = E. НИ б TP — gor ΚΤΛ ^ d бир Ыб x 
se ар. Κος mo P д , г CERE AE д DES. DAL nem ЫР АСЫН DI Aa 
А > " М MR ΟΝ 
CX ET IRE. у .. cet E ы { d wel š: 3 № nap [ΤΡ мм» Pte 
SEM А ЧЕ ΤΗ 1 | RATES Ў ae КИН Л PENG’ "SOD LOC Lae he ΩΣ; 
А — Е 3 Η зз 4 цу. и xdi ЕТЕ Ü а — i "4.35," ПРИМ dM LN DIT s 
* а ы ы Шш ἀπε] КРЕНУ d Jum 7 * NEL μον M dan и: cf 3 ы Ы E PAE | Жалы d ΓΙ Se HS ΠΡ oy О ` 
б . Са г —— . » 1... "очне S D: (Map pind se aye eh ЈУ UM 2 
A bu м ДИОН ὃς č ΜΗ με 
x: UTE" Ж Ἢ Agr ha, Sprit let » SS аа d. ΠΩ ΑΗ 
—* μας DET H x 
S — ПАПЕ ВЕЉА ининер. НАК se им tfe pat E F ITU ár 112 5 
. ~ uS ete .. = l, О cM 
а si ONE ru ~: —* + e? BH Pr Ў 5 5% nay TEn — — ei ig Ме я ΚΑΛῸ alee Ка 
А Е ПРОСО ВИО Mss le e" ΠῚ 
αν, — — ТЕГІН ο ο ο. οσο АҒАН: ҺАН; M —— 1 и er 
= 5 9 ΠΟΝΤΟ — Тама απ — ra a TT RI DEAS τα. 
АРВ ΠΛΗΡΗ. і Р HE TR É ДНР; ame ы Hg ERAT IE i — 
ГИ m Шы. ТЄ ТИШ; Мур.” ΓΙ E ασ Ж na d y vr ΗΝ veut! lt анар μμ тарқар 
m" — ο EE ELLO | — ΜΗ {ΜΑΙ Tv In^ 人 4 5 МАЈА ИО Ае 
СЕС жы Т ДЫГЫ, LE х ЧАЦЕ но Ape X T3 zs ' ME % Н ^" ray aie ees E gn Bho vd? gy УІ 4% — ОҢ 6. 4. 
^ caen N^ ГАТТ RUE S "t ү H aeree a Ú "E — ЖАҚСЫ р: 


ED 4 EAT 


n | 
D ү А | r3 Ы ^ < Ко 
BE $44 E TA - е 
МАМА М о Шек a 


АҒЫМ - 





Ча зө, ο) — Du UE ΤῸΝ 


РУКА 
















LEER 
E ИС ә ~ 
REL E КЪ ін ЖАҚЫ 
Τη 3 ТА бу Mt 25471 4%: 
сч РО “ Ed Lo: 542 ED DUUM vt је — ”#®у 4% 









ЕТ 
Mi OP 44 ae ἽΝ АУ И — ы әп MOM 
T: AP TP % ER n? an ы LE LN А τ᾽ oye * КАИ 






DINE LLL ..! 









Ισ ак] 











ΓΑ 
ΠΩ 























































































































































































































































































































































































































































































































































E 
Επ ΟΠ 4.2... ` Ae Pe J РУУ Е ΜΝ ΩΡ nel . 13 
4 if ος "Arr = Y е. ER Ημ В 4 NI SAI UOS —— аш 4 "mm ' KA з» өй £ En # pum T- SAC dm пун ae 
44 ES uc TE TIGE ` LAS 4 | ы 96 + — EH ~“ се 
па rss m | СЫМ БОУҒЫ 4.4.4 Ve dm Sv. "un S ER — Ка 4 Mc ΣΡ p ги А 
ПРО ; L К rrj 门 hed 
en er | ΝΕ ажар МРАКА Де Borde CHAT КЫШЫ * ΠΌΑ ὁ ЫРЫ C RO А i phils A z πας 
ν A TRE ΟΣ of OMe. 8, ТИК E Па ' Е fac p DA μμ ЧЕККЕН «14.3 РА И y DA US 
DEPORTE M oS erp το ο ЕЦ EODD SRRA P a ИНИ Ри НЕКО И Hr hd 4 LE ics: Pc E 
LI T LI -. . 2 .ἔ« Ы m d ye “ - AMI [| 5 - 
τ ὉΠ E αρ ыр Мы ҒЫ πα μμ συ λα * НА АЕ МУНА А ВЕРАН | БЕ: RU tat MEE ae CUR DE a Чу p Қ ШАА ЗЫР : ДАТ ханы % —— 
LL AS HRs ИТ а: Ὥς OE 30 Kod ok ert ΕΠΗ Atty a et Cs d σης 
M СП, ΕΙΣΑΙ ΗΝ μη 
1 : s У р я Е АЗАҚ Td 8225 
B ” fad TTL 4 | ! ч КІН ч m б | 42 RRI irt M 5 τον ΠΕ ΜΥ Em Е. R 
7 Š м ЕСРИ ЛЫ | [ САМ M. u νο με нын ҮН 
σου ας ОНЕ συ ον пера ба 4: INEI vi n» CT ήν — н po E 
ΠΠ .. H ay hr 4 РАЧА ΝΑΙ 2 AT UN 1 в. at e 
= И СЫ е — — ον a “it ин MESH ЕРЕН 5 ИРУ 4: E τ МЕ E X gods 
ΓΙ А Ена. a жата y" М ЫЫ) Ф. > e {а ЧЕ; H — E^ и ^ 
б 110 Bu 4 8 П ЕЛ ο ТИМ ЈА H hin T м {+ уде ario d АЗРА ГР ғ ΠΠ η Q PET ΦΩΣ ου. E ΛΑ μα, 2 ΤΙ 9 τ ж ЕТ — 249 — σαι 
ο... КИША КҮТ НИ Au vis CD p ate nte LP M Т Ha T H DA T vens за ы БЫ — Иа сы ЖЗ —— — 
eae ва Γη НЫ z 2 Su P H P M" КТЕЙ үш ay РРА БОРЕ 1 — КУ Eos Е лое ыр 
А ΠΟ T ETE ЕШ ο. HORE Жы a gery ter enemies FoF aid gs Ai? — — „© Беда 
4 1. TIT ΠΟΝΤΟ; ΓΑ АВА iol ғы) 2; ari 98479. Ж 2 
EE LM "REN г ' М ; * Bese ασ, ЗЕТЕ Ы P" υπ ισ ην η. th) t god ze 
— J τ SCRA ES — НЕК МИН о T Í 
ТІКЕ ή νι d Me, ТЕН; ың 4 Mp ње EA —— и АГЕ ae 
4 Й ЖТТ? 4. ы» 44144 ΠΟΠ ЧЕН А n * ipt Ша "Ἢν 
E “ ** AMO d TIER РКС τ —— — ИРИНА E КАНЕ РА E y uo H — — Gb 
И ο - Coe PE SORE LEES BAL: —* ЕНИ ҰЙЫ ҚАН Н КЕНТА * 
~ εν ΝΕ MEL IM TEE d АН fy UE БЕ. ee un cm DE KEJ ұу, ARD MUT ЖАДЫ ~ p — tg я Pere nk 
= 3 c у - у pM A ΠΗ ear 
"ИЕ s MR να στη; НН e Aur EA 
Ц + пе sor Ма ло a 4 * ч, к. i Чыр ГИК ҚҰЗ DIE Рр Hl ЖЫ a 
1 — vp Қай ен ы ο τρ d m o ври ЖО 74.4. 是 2 BP AE 4+ Ag hs ТРН ap но ДА 
- ^ Pai ur SEMI Жү? του ΚΕ: Ἡ : ИП c ΓΝ κ ἃς ΟΖ, Ey bl Neg e Pun vd 
' Т : ААА ἬΝ N 4 n Eu Ga Н a eld i БАТА ЖАЛ ҚАНТ НН р Уча ЖҮРҮМ, АК — 
B rr n ~ [le] 
1 | НЫ — TTL E — TIU ТАҒА I RU gr АСИ Πο E Treat mn 
ΚΡ ТАТ” “ұры Н ΥΩ d Δ. ΠΠ ΖΗ 5% ҚАТЫ, bL REL Ж 54) * уч — 
E «Patr үл; Ч 5 ' M RR M — — ОНУ ба 
« — ΠΣ; ATA ee n B MS EUNT ҮЙ ein SEA Mos E E το x М Г? —— — А paar TR Кед 
ы 4 141 У ПЕЕ ЈА НЕ. Sa г. 27461 ТЕ; « P. AYA Жж» 
— P LA HD E »N. ІК сам at УЧИ *8 a Ë — Mis Hh мау АН 5 — 2 Nt 
7 H i ΠΠ Γῇ Ηρα μμ 1 dass [Pp ТУ 
ет Ы Lm "UI ҚАПТЫ Ы, тр LES ΗΚ s a ue D Pe "we d. 
ЈИ Ма ДГ МЕ. . ΠῚ tp tee atl Ug; a c tte q tA d 4 142 —— να dui ΑΝ’. AL 
у : ncn E "n πλ. б КОРЕЕ АРКА ОНА АН — — 
КЕТЕ ЕГЕС Ие er E eer ШУДО: Ж D QU КЕША су πρ Bad 
о LL ; ΠΚΕ ha Pare AN j Td Y en Ди Ph Fir ЖЕН 
"EN * LI " — "NT ; i55 p μον — ПЕ 1 D d Lp: Ü pulo р ον — — н У He LT а 
р ева гат ' — — VAR а H Cft Ч n — 
Ste eee р, RE on eot ποτ 人 8 D FELT — ЕЙ 
А A η r " nS м Н rj 
c ET] ЈОКО О —— — dis i ҰЗ IE sa eure at 4 A ή nies M Sami AS η —— НЯ 
“ια. Мт Ε8 δἰ". ы iie m TH "mm Ρα μη НАДИ ҒЫ Аа E Á A LE c Н ALPE [4 Rhip Ph 
eee а 11890 RAEE Oh Вл d H < q: s n5j — BEA εν УДА ie ROS H Ti = 
р + ft @ o8 * eoo ZERO f ЫРЫА — E не Uu "a ae ug 2,546; n PS [ эм i, 2 4 — ere уе PELA U 
v —— ΙΟΣ Г "HE АИ ТҮРІ ORERE E rou 5* Απ η ανν Ea — — 
ë ñ x 5 1 у. P * d y 9 . га H 9 T ΟΝ Шыны 
> ШЕ ОН ОДЕ И ο а Қы — НАЈ H ААА ы Му 
| А гі Е F ОНИ А — — TTL ЖАНҒА» er eh ТЕУІ agit A — A ΡΜ; іу ae SANT i E В ED — CAM 
ть ЕУ E y E МЕ ы b У 1 Wi ous АНА D —— 
Қ oan ТЕ E] “ ἐς" 2 * " a * iei D 
NS Е Е Н ο] И ИР КАЛГЕ Н Aise ПИ Шық А E E DE = 9} и K h dai АНИ TILES 
5 ΑΡΑ fit — 2*8 ET SIE a НЯ —— ο. 
a , P е = i 
.. - δρ M p ari H — т ΙΕΡΗ ΝΕ ΜΗ У ρα ας — КЕ» oni s ту роля 
πο. καθ av a ү" ο фи MR ERE EO di nan —— 
` ¿° ΙΙ — ἐ δὲ ОТЕ у ΜΗ ΒΗ * де 7 М5 бр аң ыс w 
ΠΠ А to apt we ot a ceeds foe ЖАСАР АСАН: Jt ^it. DRE " ΤΙΝῚ 24.22 Rr D Bd 
"m з ΠΠ ОНОМ ЈАЈА У н КАЈ ΡΜ 4 АУ) FUIL. —* 4 Нб d Ls ges 
\ G T .. . POLOS š Cea fa A TER ANA Ον 944 М. ЛАБ Te ЖА E 
4 — Uu dae HOR LE - 4 1, ; TA fO SUP (Ы) =Y ην , аы е к Ft ы үн Қа 
T ΠΠ. а оно а ΤΉ Ë ΝΡ RUPEE E TER КЛАН ШУ; 52 НК 
. , une О 542 и Aaa Catal ep rom — ENTER 4 ЯН E: L^ — СІ вх ΗΝ КҮТТІ е 
1 ^. E .. ТАНЫ. ғ —— МИ H FTA ri . КЕ) ЕЗ 3/4 E M E 154 кү B 4 — 
оО A ' Е ОДО ТРАН ΑΝ. ММ Пре Ри 
d НИ ы utt * 5 г" i — MER aa pur hit Pen Met ΜΗ ЖА Ж: — 
ENS — fte ырчы 23125 NT I'm Fn —* — атырап PP. UE TH pr R Ж 
н 5 ` ГО . m r ΗΕ ο τ 
б Ты 。 3 — НА КЕ ΟΠΣ qus 
| s - H РОНА НА АТА - Пр 3 
А + j AE ғ... Y —8 `... Jie i ^ aye "ul ue 5381 ПЕР 4 КІЛЕҢ А ЖУ uM —— ЗН E M dM nr Но М? X ” 
А ИМ e р АЙД, НУ 44 H [] қ. РОК ж ец 
А .. О ы DA ΤΙ rer Ре НЕ . 24, dh Ms 4.4.7.0 САНЫ ta КА AE ЖАНЕ 4 He А OL m girs asl М aS A UT e 
P ағ ° ΝΠ ΠΕ ВН СУ тЫ 9 m 19 +04 "4 gp 
ο ΝΕ πε Коб. м Же PE an na ен ΠΗ dj 144, — 2 we tenner {ο ΜΟΙ НИЕ, өзе 
55 tye 4 LI Lo 
, UP "e" Mi ыы ЦЕР min MS y ERE .4' UTE IM — are BeAr Ком м КРИА! Hed —— M cm 
— Q РА 4. БОЛЫСЫ ЖЫЛА poten Ogre š EA 4 И Fed қа — Tail wer JL 47535 БАД ке: њи * 
М . А СРЕ га А . д Hy 
р Ve НЕР а ЗА БА СРЕ И па ту ^f TEE I LET M a yt (πὶ — УМ —* "TE 
— = LI MP" ~“ ΣΝ Pr I т ерде г" 255 
V E πο ους š E M DEIN v pil ҮТТЕ РАТЕ ος LAN Ма — 
HY ñ ЖЕРЕ и“ ; МЫСТЫҢ ИЫ ҚҰ — — ο Μι — 
"E .ἷι » AE. ΓΗ 4 “4 a ЗОНУ ty — cL 7 人 有 a ο ТА 
А P ç afe lal o aie m mmy E ΠΠ БЫ; ОАНИТОТА "5 ИК αμ a d E FLY) She иерея 
" E М 1" Н — 24. % Pi na dean 2 TS d mL 2 d4 να] AB HOT Pu ae y] + POOR ШІЛ; m — 
СО, κος... Р ΕΕ ΕΣΡ... с ЖАЛДАРЫ АҰҚ ИТ ТҰНЫҚ Ы ο ος 4 
с k О me э an TEM ғ * Аа — Du “”-- > AD ` 4:4 “z a H Hr ae чи ΑΠΣ ЫТ — НУ; ГУ, 






DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 














Approved for public release; distribution is unlimited 
Estimating Characteristic Life and Reliability of an 


Aircraft Engine Component Improvement in the 
Early Stages of the Implementation Process 


by 


Scott L. Martens 
Lieutenant, United States Navy 
BBA, Iowa State University, 1985 


Submitted in partial fulfillment 
of the requirements for the degree 


MASTER OF SCIENCE IN MANAGEMENT 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1992 


é Unclassified 
ECURITY CLASSIFICATION OF THIS PAGE 


Form Approved 


REPORT DOCUMENTATION PAGE OMB No. 0704-0188 
a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS 
INCLASSIFIED 
a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT 


Approved for public release; distribution is unlimited 
b. DECLASSIFICATION/DOWNGRADING SCHEDULE 


. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S) 
а. NAME OF PERFORMING ORGANIZATION _ | 6b. OFFICE SYMBOL] 7a. NAME OF MONITORING ORGANIZATION 

laval Postgraduate School AS 

c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code) 


Aonterey, CA 93943-5000 


a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL] 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 
ORGANIZATION 


c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS 


PROGRAM PROJECT TASK WORK UNIT 
ELEMENT NO. NO. NO. ACCESSION N¢ 










1. TITLE (Inciuding Security Classification) 

STIMATING CHARACTERISTIC LIFE AND RELIABILITY OF AN AIRCRAFT ENGINE COMPONENT IMPROVEMENT IN 
HE EARLY STAGES OF THE IMPLEMENTATION PROCESS 

2 PERSONAL AUTHOR(S) 

IARTENS, Scott L. 


3 TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) | 15. Page Count 

6. SUPPLEMENTAL NOTATION | 

he views expressed in this thesis are those of the author and do not reflect the official policy or position of the 
'epartment of Defense or the U.S. Government. 

7. COSAT! CODES 18. SUBJECT TERMS (Continue on reverse if necessary and Identify by block number) 


FIELD | GROUP ] SUBGROUP = | TF-34-400, Aircraft Engine Component Improvement Program, WEIBULL, 
[1 Weibayes, Characteristic Life, Reliability, S-3 
Caon 


9. ABSTRACT (Continue on reverse if necessary and identify by block number) 


This thesis decribes the database needed to assess improvement in the performance of a modification to the 
long electroless nickel (LEN) fuel tube of the TF-34-400 engine during the time the modified component is being 
introduced into the fleet. It also provides the methods and equations for estimating the reliability of a modified 
component during its implementation. The component failure times are assumed to have a Weibull distribution. 
When implemented, this methodology will provide engine program management teams more timely information 
which should enhance their decision-making process significantly. 


0 DISTRIBUTION/AVAILABILTIY OF ABSTRACT 1a. REPORT SECURITY CLASSIFICATION 
X| UNCLASSIFIED/UNLIMITED | | SAME AS RPT.[ | OTIC Unclassified 
28. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) |22c. OFFICE SYMBOL 
lan W. McMasters (408)646-2678 AS/Mg 
DD Form 1473, JUN 86 Previous editions are obselete. SECURITY CLASSIFICATION OF THIS PAG 


S/N 0102-LF-014-6603 Unclassified 


ABSTRACT 

This thesis describes the data base needed to assess improvement in the 
performance of a modification to the long electroless nickel (LEN) fuel tube of the 
TF-34-400 engine during the time the modified component is being introduced into 
the fleet. It also provides the methods and equations for estimating the reliability 
of a modified component during its implementation. Тһе component failure times 
are assumed to have a Weibull distribution. When implemented, this methodology 
will provide engine program management teams more timely information which 


should enhance their decision-making process significantly. 


111 


I. INTRODUCTION ..... ο Ἂἑ l 

A. BACKGROUND: аи и l 

B. OBJECTIVES И аө 3 

C. RESEARCH QUESTIONS ................ w. ww 3 

D. SCOPE, LIMITATIONS, AND ASSUMPTIONS ............... 4 

E. THESIS PREVIEW .................................... 4 

IL. THE WEIBULL DISTRIBUTION ..................... ----ὸ-- 6 
A. ТНЕ УЕІБІЛІ, БУИМСТІОМ8 ............................ 6 

В. ҮҮЕІБІЛІ. ТЕКМІМОГОСҮ  ................... 774444% 8 

С. THE WEIBULL PLOT ..................... „пне 10 

D. WEIBULL PREVIEW ............. πλ... 12 

Ш. ENGINE FUMERS ..................+.599 5.0. 24 13 
A. ТНЕ ТЕ-34 ЕМСІМЕ .................. Жы 13 

В. РОМЕКЗ ...... а 16 

С. THE INITIAL SOLUTIONS (1976 - 1986) .................. 18 

D. THE FUMER PROBLEM TODAY (1986 - 1992) ............. 24 

IV. METHODOLOGY ...................-.......... ни 28 
А. DATA CONSTRAINTS .........22 9929922 ни 28 

B. ASSUMPTIONS ABOUT THE METHODOLOGY  ........... 33 


C Y 


TABLE OF CONTENTS 


| 
| 
| 
i 





DUDLEY KNOX LIBRARY 


NAVAL POSTGRADUATE SCHOOL 


MONTEREY CA 93943-5101 


DAWA REQUIREMENTS) .............................. 33 

35 
ЕШКІ 22... 45 
ПИО ........................................... 47 
ЕЕЕ ИС О ЫЫ 0. ы нам 47 

Б РЕЕЗЕКТАТІОЫМ ӨБ БАТА ............................ 47 

C. CONCLUSIONS ABOUT THE RESULTS .................. 54 

VI. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS ....... 57 
ОБИИ >... ва 57 
ООО оь ал 58 
RECOMMENDATIONS ................................ 60 

D. RECOMMENDATIONS FOR FURTHER RESEARCH ....... 62 
ΠΠΠΠΙΧΑ ΜΕΙΒΙ͂ΠΙ ΡΑΡΕΕ ............................-... 63 
π:.ιτινηι''.................................... 64 
APPENDIX C FORMULA DERIVATION FOR Dga ............... 68 
EESBEENDIX D WEIBULL PLOTS ..........“.................... 72 
π᾿. τε τεε:..................-ι...:...:..-.:-υευ.. 75 
π-;ΠΠπΠΠΠΟΝπΙ5.....π........5.........-.---.-... 77 





I. INTRODUCTION 


A. BACKGROUND 

The TF-34-400 turbo-fan engine is deployed on S-3 anti-submarine warfare and 
ES-3 electronic surveillance Naval aircraft. To ensure the S-3 and ES-3 aircraft are 
provided with quality engines, the TF-34-400 program management team must make 
critical logistic support decisions for the engine in such areas as maintenance 
planning, life management, and component improvements. This thesis provides 
information to assist the program management team in their evaluation of a specific 
component improvement. 

It is important to first provide an overview of the objectives and functions of 
the Aircraft Engine Component Improvement Program (AECIP). Reference 1 
states the objectives of the AECIP as 


1. to maintain an engine design which allows the maximum aircraft availability at 
the lowest total cost to the government. 


2. to correct, as rapidly as possible, any design inadequacy which adversely affects 
safety-of-flight; and 


3. to correct any design inadequacy which causes unsatisfactory engine operation 
or adversely affects maintainability and logistic support in service. 
Reference 1 states that the AECIP performs four functions in order to meet 


these objectives: 





1. The problem solving function supports rapid investigation and resolution of | 
fleet problems (safety, readiness, or reliability). 


2. The problem avoidance function includes an aggressive program of mission 
testing, analytic sampling of fleet hardware and engineering analyses designed 
to forecast hardware wearout rates, life limits, and similar problems before they 
Occur in the fleet. 

3. The product improvement function is designed to develop and qualify design 
changes, repair procedures, and alternate sources of parts and supplies 
throughout the life of an engine where substantial savings in operation and 
support costs can be realized. 

4. The product maturation function provides an infrastructure (support facilities 


and experienced engineers) to mature the engineering design for newly | 
developed and fielded engines. 


Currently, the program management team is interested in estimating the 
increase in reliability of a specific component resulting from a change thought to be | 
an improvement as the implementation process unfolds. The component 
improvement of interest involves modification of the TF-34 fuel tubes which are 
located in the combustor section of the engine. The redesign is intended to reduce 
the potential for "fumers",a phenomena which can lead to hazardous fuel fumes in 
the cockpit or catastrophic engine fires. 

Beyond safety-of-flight analysis, no readily available methods exist for analyzing | 
the effects of an improvement to the TF-34 fuel tubes during implementation. x 
Several theses [Refs. 2,3] have been written at the Naval Postgraduate School which | 
attempted to examine the effects of various component improvements by comparing | 
a snapshot of a component’s pre-change failure rate to its failure rate after the entire 


fleet of engines has been modified. Since complete induction of a component 





improvement into a fleet of engines may take ten years or longer [Ref. 2], there is 
a long lag in the feedback process utilizing this snapshot approach. 

This thesis proposes a methodology to assess the effectiveness and reliability 
of a component improvement as the implementation process unfolds. When 
implemented, this methodology willallow program management teams to have more 


timely information and should enhance their decision-making process significantly. 


B. OBJECTIVES 
The primary objectives of this thesis are as follows: 
1. Propose a methodology to detect improvement and estimate reliability of a 


specific aircraft engine component improvement during implementation 50 
decision-makers can assess the improvement’s impact on logistical support. 


2. Establish a list of data elements that are required to evaluate the improvement 
and reliability of a specific component improvement. 


C. RESEARCH QUESTIONS 
The basic question of concern in this thesis is the following: 
Can the improvement and reliability for the TF-34 fuel tube power plant 
change be assessed when only a small percentage of the entire fleet of engines 
has been modified to include the new fuel tubes, relatively few operating hours 


have accumulated on engines with the new fuel tubes, and no failures have 
occurred on any of the new fuel tubes? 


To assist in answering this inquiry, the following questions were used to guide 
the research effort: 


1. What data is required to detect the improvement and estimate the reliability 
of a component improvement during implementation? 


2. How can the improvement of a power plant change be demonstrated? 


3. How can the reliability of a new system be estimated for a future point in time? 


D. SCOPE, LIMITATIONS, AND ASSUMPTIONS 
This research effort is focused on determining the effect of a specific TF-34-400 
component improvement as the implementation process unfolds. The inability to 
obtain "time-to-failure" data for the original fuel tube system made it impossible to 
generate a baseline to detect the improvement and to estimate the reliability of the 
new fuel tube system. Furthermore, the lack of failure data for the original system 
forced the author to assume a failure distribution in proposing the methodology. The 
methodology proposed in this thesis assumes the failures can best be described by the 
Weibull distribution. Therefore, the focus of this thesis concentrates on developing 
the following items: 
|. A description of the data base required to detect improvement and estimate 
reliability for component improvements whose failures can be described by the 


Weibull distribution. 


2. A methodology that can be used to determine improvement and estimate 


reliability of component improvements whose failures are described by the · 


Weibull distribution. 


3. A sensitivity analysis of component improvement in reliability to changes in the | 


Weibull beta parameter. 


E. THESIS PREVIEW 


The remainder of this thesis focuses on the objectives discussed in section B of 


this chapter. Chapter II discusses the Weibull distribution. Chapter III provides a | 
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brief overview of the TF-34-400 engine and a detailed history of the fumer problem. 
Chapter IV presents methodology for analyzing the effectiveness and reliability of 
a component improvement. Chapter V provides sensitivity analysis on the 
improvement and reliability of the new system. Chapter VI summarizes the thesis 


effort and presents the conclusions and recommendations from the effort. 


II. THE WEIBULL DISTRIBUTION 


A. THE WEIBULL FUNCTIONS 
The Weibull distribution has been used to model the lifetime, t, of electrical 
and mechanical components of systems. Additionally, "the Weibull distribution most 


frequently provides the best fit for the type of data experienced in the gas turbine 


industry" [Ref. 4]. The cumulative probability function, F(% n, B), of the Weibull 


distribution is given by: 


Е т, В) = 1 - e 4) : ῃ»0. η»ο, β»ο. (2.1) 


Associated with the cumulative probability function is the hazard function. The 





| 


hazard function, h(t), describes the instantaneous failure rate. Reference 5 gives the | 


equation for h(t) as 


_ _/0_ 2.2 
h(t) LFO (2.2) 


Figure 2.1 from Reference 5 depicts a typical hazard function for a system or 


| 


| 


component. The hazard function for the Weibull distribution, й(5 п, В) ,is given | 


by: 


h(t; т, B) = (+)? ВР“! ; t20, n>0, B>o. (2.3) 
n 


A(t) 


t 
~ Wearout Fatlures — 





— Еасіу ---|------- Бапаоао Failures 


Аде апа 
Failures Random Failures 
and 
Random 
Failures 


БЕ 27” 1 Түрісат Hazard Function for a 
System or Component 


The parameter, B determines the slope of this hazard function at time t. 
Consequently, В is called the slope parameter. Note: it is not the slope. The 
values of B > O are usually subdivided into three ranges corresponding to the 


shape of the hazard function. These are: 


a. О < B < 1; ; the slope of the hazard function is decreasing and is typical 
of early age failure or infant mortality. 


b. В = 1; the slope of the hazard function is zero. This implies no wear out 
or early age failure. 


ој В > 1; the slope of the hazard function is increasing. This implies wear 
out. 


The probability density function ДЕ п, В) is the derivative of F(t n, B) with 


respect to t and is roughly a relative measure of, but not equal to, the probability 
of failure at time t. Typical forms of this density function are shown in Figure 2.2 


as P(f), from Reference 4. 


В. WEIBULL TERMINOLOGY 


Since the Weibull distribution is defined by the parameters beta, В , ала 


eta, п, а discussion of these parameters and other Weibull terminology is 
presented to enhance the reader's comprehension of material presented in later 
chapters. Reference 4 defines the following key Weibull parameters and terms: 


1. Вега: Beta is also known as the slope or shape parameter of the Weibull 
distribution. Beta helps to determine which member of the family of Weibull 
failure distributions best fits or describes the data. The type of failure 
behavior may be any one of the types represented by the familiar reliability 


bathtub curve; ie., slopes less than one which imply infant mortality, slopes of x 


zero which imply no wear out, and slopes greater than zero which imply wear 
out. 


2. Eta: Eta is the characteristic life of the Weibull distribution. A total of 63.2% 


of the lifetimes will be less than the characteristic life, regardless of the value | 


of beta. 


3. Suspensions: A test or operational unit is labeled a suspension if it has not 
failed at the time the life data analysis begins. Suspensions can not be ignored 
when establishing the Weibull plot. The argument for including them in the 


analysis is that if their failure had occurred in the same fashion as the other : 


failures, the order of the other failures would have been influenced. 


4. Weibayes/Weibest: Weibayes is a method for constructing a Weibull 
distribution based on the assumed value of beta. It is used when there are 
certain deficiencies in the data (ie., when operating time has accumulated, but 
no failures have occurred). 


5. Weibull Plot: A plot of time-to-failure data on Weibull probability paper. 
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6. Ordering the data: The first step in establishing a Weibull plot is to order the 
data from low time to high time failures. This facilitates establishing the 
plotting positions on the time (horizontal) axis. Ordering is also needed to 
establish the corresponding ordinate or F(t) values. 
C. THE WEIBULL PLOT 

Plotting Weibull data requires special graph paper. Reference 4 discusses how 
to construct Weibull paper and contains sample paper in its appendix. A 
reproduction of the Weibull paper from Reference 4 is included in Appendix A of 


this thesis. 


Weibull graph paper has unique scales for its horizontal (X) and vertical (Y) 


operating time). The vertical axis is usually the cumulative probability of failure, 


F(t n, B) . The vertical axis value is determined by ordering the data from low- x 


time to high-time failure and then determining the median rank for each failure. For 





axes. The horizontal axis of a Weibull plot is usually some measure of life Ge., ` 


example, the median ranks for a sample size of three would be 20.6, 50.0, and 79.3 © 


for the low-time to high-time failures. Reference 4 provides details for ordering the 
data and charts for determining median ranks . Each failure can then be plotted as 
a data point on the Weibull paper using measure of life and median rank as entering 
values for the X and Y axes. The line which describes the data points is called the 


Weibull line. 
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WEIBULL DISTRIBUTION 
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Weibull analysis is advantageous because the Weibull plot (Figure 2.3) 
provides a simple graphical solution for determining Beta and Eta. Beta, the slope 
of the Weibull line, can be determined from a simple measurement. 

The slope of the line is measured by taking the ratio of rise over run. Select 
a starting point and measure one inch in the horizontal direction (run). Then, 


measure vertically (rise), until the line is intersected." [Ref. 4] 


Characteristic life is determined by locating 63.2% on the vertical axis and following 


| 


the dashed line to the right until the dashed line intersects the Weibull line. Ifa 


vertical line is then drawn down from the 63.2% and Weibull line, it will intersect 
with the horizontal axis at the characteristic life value. Characteristic life is denoted 


by "*" im Figure А 


D. WEIBULL PREVIEW 


= war улер: сты — 


Weibull analysis is used in this thesis to attempt to detect improvement in 


characteristic life and project system reliability resulting from a power plant change | 


to TF-34-400 fuel tube. The latter portion of Chapter III discusses the early attempts 


by General Electric and Naval Air Warfare Center, Trenton, to describe the fumer 


problem of both the long and short carbide tungsten fuel tube configurations using ' 


Weibull analysis. Chapter IV discusses a special type of analysis called "Weibayes' 


which could be used to detect improvement and project reliability of the new system. 
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IIl. ENGINE FUMERS 


This chapter provides background information on the history of the TF-34 
engine, an explanation of its fumers, a look at the initial fumer solution, and a 


perspective of the problem today. 


A. THE TF-34 ENGINE 

The TF-34 turbo-fan engine is produced by General Electric. The engine has 
three variants; the CF-34 for commercial use, the TF-34-100 flown by the Air Force 
on A-10 aircraft, and the TF-34-400 flown by the Navy on S-3 and ES-3 aircraft. As 
of 1 April 1991, over 2000 engines were in operation with more than 7 million engine 
flight hours (EFH) accumulated on those 2000 engines.  [Ref. 6] 

The development contract for the TF-34-400, the Naval variant, was let in 
March 1968. Testing of the engine began in April 1969 and full qualification 
occurred in June 1972. Full scale production followed the qualification апа 
concluded in November 1977 with the completion of the 475th engine (Figure 3.1). 
Today there are 424 engines in the Navy inventory. Production of 50 new engines 
Is presently underway which will increase the inventory to 474 engines. [Ref. 7] 

The TF-34-400 engine has five main sections: the fan, compressor, combustor, 
high pressure turbine, and low pressure turbine sections (Figure 3.2). PPC-53, which 
sought to correct the fumer problem, modified the engine's fuel tubes which are 


located in the combustor section. The S-3 Naval Air Training and Operating 
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Procedures Standardization (NATOPS) manual’s description of the combustor section 
is provided below. [Ref. 8] 
The combustor section, located aft of the compressor section, is where the 
compressor discharge air and fuel are mixed and ignited. The combustor 
utilizes an annular configuration with a swirler type injection system. It 
comprises the combustion casing, combustion liner, 18 swirler plates, fuel feed 
tubes, and the first stage turbine nozzle. Ports are provided in the combustor 


section for the two igniter plugs, 18 fuel feed tubes, 14th stage bleed air, five 
primer fuel nozzles, and for borescope inspection. (Figure 3.3) 


В. FUMERS 

Prior to combustion, the 18 swirlers of the combustor section shape the fuel 
stream to ensure optimal ignition. Each swirler is fed by a separate fuel tube which 
15 housed in the upper porion of the swirler, known as the preswirler. If the flow of 
the fuel stream is impinged upon after it leaves the fuel tube and before the fuel is 
ignited, deflection of the fuel can occur. Deflection results from such interferences 


as carbon coking on swirler walls from fuel deposits and/or swirler wall wear caused 


| 


by fuel tube/swirler friction. If the deflected fuel flows back into the secondary ` 


airstream, fuel fumes can enter the bleed air via the 14th stage bleed port. The 14th 


stage bleed air feeds into the environmental control system of the aircraft which | 


transmits the air to the cockpit. Therefore, safety of flight problems result when 
fumed air is transmitted to the cockpit. [Refs. 9, 10] 


An additional hazard which results from deflected fuel has also been observed. 


Many field engines have accumulated carbon deposits outside the preswirler. As. 


early as 1979 General Electric noted that if allowed to persist, this carbon backflow 
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(from the deflected fuel in the secondary airstream) could progress, and in extreme 
cases, result in internal fire and engine damage (see arrow in Figure 3.4) [Ref. 9]. x 
Ten years later, in Engineering Change Proposal AL-776, the Navy detailed the 
numerous instances of such fires. An example of one incident is provided below to 
illustrate the severity of these fires. 
Engine #202404, 02/05/91: USS ROOSEVELT. IN - FLIGHT-FIRE. Fuel 
injector wear caused spitback, combustion frame burnthrough. Severe nacelle 
fire [Ref. 10]. 
Although the engine fire hazard is completely different than fumes in the cockpit, it x 
is also termed a “fumer" since both hazards originate from the same fuel tube/swirler 
system failure. 

The CF-34 and TF-34-100 (Air Force) variants do not have a fumer problem. 
These other variants utilize a fuel injector system vice the tube/swirler combination 
of the TF-34-400, Navy variant. The Navy was not able to adopt the fuel injector 
system because the injector system adversely affected throttle response time of the 
turbo-fan engine. Throttle response is a significant factor for the Navy as carrier- 


based engines must be able to produce high performance in short time intervals 





during shipboard operations. [Ref. 11] 


C. THE INITIAL SOLUTION (1976 - 1986) | 
The first incidents of fuming occurred in the 1976 - 1977 time frame. During 
this period, General Electric data shows that two TF-34-400 engines produced 


cockpit fumers while 41 fuel tubes failed [Ref. 9]. The original fuel tube/swirler 
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configuration of the TF-34-400 was a long carbide tungsten (LCT) fuel tube and а | 
Hastelloy- 和 preswirler. | 


In the late 1970's,General Electric expended CIP research and development ` 





funds to explore improvements in the fuel tube/swirler system. G.E. initially planned | 





to shorten the fuel tube and increase the strength of the preswirler in an attempt to 


— 


1 
reduce both tube and swirler wear. The design for the strengthened preswirler was | 


completed but manufacturing lacked the technology to produce it. [Ref. 11] 


In May 1979, G.E. forwarded ECP 23KG8061 "Shortened Fuel Injectors" to | 





Naval Air Systems Command for consideration. The ECP proposed reducing the fuel | 
tube length by 0.2 inches (Figure 3.5). No change in the swirler was recommended. | 
G.E. stated, "the shorter fuel tube will reduce preswirler and fuel tube wear and | 


minimize the potential for fuel spitback, cockpit fuming and internal fires." G.E. had | 
performed a Weibull analysis of the 41 LCT tube failures (1976 - 1977) and | 
determined the characteristic life of the old LCT tube to be 1790 hours. G.E. 
conducted shake bench tests on the proposed short tube and found the tube reduced | 
wear incidents by 90%. Based upon the shake bench test, G.E. concluded the | 
proposed short tube would have a characteristic life of 3400 hours (90% increase | 
from 1790 hours) and fumers would be reduced by a corresponding 90%. [Ref. 9] x 

The Navy approved the ECP in March 1980 and power plant change (PPC) 53, 
directing implementation of the short fuel tube, was developed. Implementation of 


PPC 53 began in 1982. In the mean time, the fumer problem had grown worse. The | 


number of fumers occurring per 1000 EFH rose steadily as the operating hours on | 
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Figure 3.5 Fuel Tube Configurations 
(cutaway view of a swirler) 


the engines increased (Figure 3.6). An increase in failures per EFH should have 
been anticipated since a system which exhibits Weibull characteristics with beta 
greater than 1.0 will have an increasing hazard rate as operating hours accumulate 
on the system. 

In 1984 and 1985 there was a dramatic increase in the number of fumers per 
1000 EFH (Figure 3.6). Many of the engines which had fumed were recently 
modified engines incorporating PPC 53, the short tube configuration. The increase 
alarmed the S-3 program office in Washington D.C. and Naval Air Warfare Center 
Trenton, New Jersey (NAWC-T) began an engineering investigation in 1985 to 


determine the effects of PPC 53. 
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In February 1986, NAWC-T issued a report which analyzed the fumer problem 
and addressed the effects of PPC-53. The report reexamined General Electric’s 
analysis of the original 41 LCT tube failures from 1976 and 1977. NAWC-T 
recomputed the data without suspensions and determined the characteristic life to 
be 852 hours vice the 1790 hours reported by G.E. NAWC-T stated G.E. had 
included too many suspensions and thus inflated the characteristic life of the LCT 
tube. [Ref. 12]. However, the report stated the 852-hour value represented "hours 
to fume" for the engine when it actually represented the characteristic life of the LCT 
fuel tube as G.E. had reported for its 1790-hour calculation. In order for mean 
"hours to fume" (characteristic life of the LCT/swirler system) to be calculated, 
NAWC-T should have utilized only the two failures which resulted in fumers as data 
points. The other 39 items are suspensions since those engines had not yet fumed 
but only experienced tube failure. The flaw in determining a proper value for the 
LCT/swirler system "hours to fume" means there is now an incorrect base line to 
determine the effectiveness of the short tube modification, and all subsequent 
modifications. 

In the 1986 report, NAWC-T properly calculates "hours to fume" for the short 
tube modification, using only fumer data points. Тһе results for the short tube 
system depict an extremely low characteristic life (hours-to fume) with a Weibull beta 
value less than 1.0 for engines having previous fumers and a beta value of 1.75 for 
engines having no previous fuming history. The report states that these beta values 


indicate previous fumer engines are experiencing infant mortality wear-out modes 
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while non-fumer engines are experiencing an early wear-out failure mode. However, | 
the report incorrectly concludes the “hours to fume" for the short tube is only 71% 
of the "hours to fume" for the pre-PPC-53 LCT tube. This conclusion can not be 


made since the LCT/swirler system’s baseline was improperly determined. 


D. THE FUMER PROBLEM TODAY (1986 -1992) 

By 1985 the program office realized PPC-53 was having a detrimental effect 
upon the fumer problem. In order to avert a major problem with fumers, the 
program office and С.Е. sought a new solution to the problem. Both parties 
proposed short-term treatments to control the problem while G.E. began redesigning 
the system for a long-term solution. [Ref. 11] 

Two short-term treatments to control the fumer problem were implemented 
between 1985 and 1987. First, G.E. developed a bake cleaning process for the 
swirler/tube system. The high temperature baking process removed carbon coking 
inside the swirler. The removal of the coking reduces the potential for fuel spitback 


into the bleed air system, a major contributing factor to fuming. The second 





temporary fix was the suspension of short tube modifications. Based upon 






conclusions from the 1986 report on PPC-53 effectiveness, the program office. 
suspended the modifications and returned to using the LCT fuel tube. The effect of | 
these two temporary fixes is depicted in Figure 3.6 (note years 86 -88). x 

G.E.,in the mean time, began exploring various component improvements to 
the system for a long-term solution to the fumer problem. In March 1988, С.Е. 


1 


proposed Change-In-Design (CID) 184$84. The CID proposed utilizing a long fuel 
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tube with an electroless nickel plating. The intent of the softer, long electroless 
nickel (LEN) tube was to transfer the wear of the tube/swirler friction away from the 
swirler and onto the LEN tube. G.E. determined reducing swirler wear would 
decrease the probability of fuel spitback and thereby decrease the potential for 
fumers. 

The proposed change to the LEN configuration was approved. In 1990 the first 
engines were modified to incorporate the change. In April 1991, a borescope was 
developed which allowed maintainers to visually inspect the swirler wall for wear 
prior to incorporation of the change. Since April 1991, all engines modified by 
depot level maintenance have been borescoped, and, beginning in October 1992, all 
engines modified at intermediate level facilities will also be borescoped. Those 
swirlers which have previous wear are being replaced with new swirlers [Ref. 7]. By 
ensuring that there are no previous defects (wear) in a swirler, the effectiveness of 
the LEN change can be accurately measured since there is a common reference point 
(baseline) from which to track the modification. 

Today, over seventy engines (approximately 1/6 of the inventory) have been 
modified to the LEN configuration (Figure 3.7). Approximately half of those engines 
were borescoped prior to the modification. The modified engines have accumulated 
over 13,000 flight hours with the high time engine having 660 flight hours (see 
Appendix B). There have been no documented fumer incidents on the LEN engines 


nor have there been any documented fuel tube failures. 
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Currently, the S-3 program management team is interested in determining if the 
LEN/swirler system is as good or better than the LCT/swirler system. In other 
words, which system produces less fumers over time. Additionally, the management 
team is interested in determining the reliability of the LEN/swirler system at the 


1500-hour mark since this is the first scheduled maintenance period for the engine. 
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IV. METHODOLOGY 


This chapter explains the procedures and techniques used to formulate answers 


to the following questions: 


1. How can the improvement of a power plant change be demonstrated? 
2. How can the reliability of a new system be estimated for a future point in time? 


3. What data is required to demonstrate the improvement and estimate the 
reliability of a component improvement during implementation? 


A. DATACONSTRAINTS 


The data available for this study has three major constraints which affect the ` 


methodologies used to answer the questions posed. The three data constraints | 


pertain to the LCT system’s performance, the LEN system's operating hours, and the ` 


LEN system's failures. 


|. LCT System Performance. 


Chapter II briefly discussed the problem encountered when NAWC, | 
Trenton, determined a Weibull plot of “hours to fume" for the LCT system utilizing | 


all 41 fuel tube failures as fumer data points. The 1976 - 1977 data compiled by 


General Electric contained failure times for 41 LCT tubes of which only two 


tube/swirler systems failed (fumed). The parameters of characteristic life and slope | 


obtained from the Weibull plots for the 41 LCT tube failures can not be assumed to ` 
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be the same parameters which would be obtained if only the two fumer engines were 
graphed on Weibull plots. The characteristic life of hours to fume and the beta 
parameter for the LCT system would be dependent upon the accumulated operating 
hours for both failed and unfailed (suspended) LCT systems. Establishing the 
Weibull plot of the LCT system is extremely important. The plot provides both a 
baseline to measure improvement (as defined in section C of this chapter) of the new 
system and a beta value to use in the Weibayes analysis if no failures have occurred 
on the new system. 

The author attempted to retrieve data on pre-PPC-53 engines which had 
fumed so this baseline Weibull could be established for the LCT system. The Navy 
Aviation Logistics Data Analysis (NALDA) system was queried for engine 
information from 1976 through 1981. The information retrieved did not delineate 
either in the removal code or the remarks section which engines had fumed during 
that time period. In fact, the removal code in the NALDA system, which specifies 
why an engine has been removed from service, did not have a specific identifying 
code for a "fumer" engine until the mid 1980’s. Since the critical baseline for the 
LCT system could not be established, Chapter V will only provide sensitivity analysis 
concerning the characteristic life and the reliability of the LEN system to changes in 
beta values. No conclusions will be made whether the LEN system is more or less 


effective than the LCT system. 
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2. | LEN System Operating Hours. 

As mentioned in Chapter II, 72 engines (approximately 1/6 of the 424 
engines in the fleet) have been modified to the LEN tube configuration as of 1 
September 1992, the data cut-off date for this thesis. The 72 engines have 
accumulated over 13,000engine flight hours (EFH) with the high time engine having 
660 EFH (see Appendix A). Since the operating time on the modified components 
is relatively low, EFH projections were made for one year into the future (1 
September 1993) to determine effects upon characteristic life and reliability of the 
LEN system. 

Projections for September 1993 were determined by calculating the 
average monthly build (modification) rate for LEN systems and the average flight 
hours per month since build. The actual build rate for the past year was just over 
three engines per month (see Figure 4.1). The depot at NAS Alameda confirmed | 


that they expect the total "I"and "D" level build rate to continue at three to four 





| 
engines per month this next year [Ref. 12]. The projections use a three engines per | 


month build rate which produces a conservative estimate for the number of | 
modifications. 

Figure 4.2 depicts the values used for EFH projections. As seen in | 
Figure 4.2,the average flight hours per month since build increase rapidly and then ` 
stabilize at approximately 20 to 25 EFH per month one year from build date. The ` 
low EFH per engine in the early months after build can be attributed to logistics ` 


delay between the modifier ("I"or "D"level maintenance) and the fleet users. 
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3. LEN System Failures: 
As of 1 Sep 1992, there have been no LEN system fumers on modified 
engines. Predicting the success or failure of a component improvement is more 
difficult without failure data. Reference 4 states, "When data deficiencies such as too 
few or no failures exist a Weibull plot can not be generated." However, 
Weibayes analysis has been developed to solve problems when Weibull analysis 
can not be used. Weibayes is never preferred over Weibull analysis but is often 
required because of weaknesses in the data. Weibayes is defined as a Weibull 
analysis with an assumed beta value. Since the assumption requires judgement, 
this analysis is regarded as an informal Bayesian procedure. 

B. ASSUMPTIONS ABOUT THE METHODOLOGY 


This methodology makes the following assumptions: 


1. The failure data of the original (LCT) system can be described by a Weibull 
distribution. 


2. Any favorable change in reliability or characteristic life is a direct result of the 
component improvement and not a result of a more favorable operating 
environment. The operational demands upon an engine are assumed to remain 
constant. 

3. The failure distribution of the new LEN/"clean" swirler also has a Weibull 
distribution with the same slope parameter, beta, as the old LCT/"clean" swirler 
configuration. 

4. A LEN tube/"clean" swirler combination Is assumed to be as good or better 
than a LEN tube/"unknown" swirler combination. 

C. DATA REQUIREMENTS 
Since deficiencies exist with the LCT data which hinder the creation of a 


baseline Weibull plot for the old system, the data required to perform Weibull 


analysis must be understood to preclude data deficiencies in future PPC's under 
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investigation. There are only two essential pieces of data required to create a 
Weibull plot and hence determine the improvement in characteristic life and 
reliability of a PPC whose failures can be described by the Weibull distribution. The 
two pieces of data are the following: 

1. Time-to-failure. 

The individual ages of failed systems must be determined. The units of 
measurement for age, calculated from a common reference point, depend upon part 
usage and the failure mode. For example, age for a jet starter may be the number 
of engine starts while age for turbine parts may be the number of excursions between 
hot and cold [Ref. 4]. 

Time-to-failure must be determined for the pre-PPC systems because this 
data determines the baseline Weibull plot. Time-to-failure for the PPC systems is 
equally important since this data determines the new, component's Weibull plot. If 
no failures have occurred on the new system, which is the case for the LEN system, 
then the shape parameter (beta) from the old system may be used to establish a 
Weibayes plot. 

2. | Suspended Component Ages. 

The age of suspended (non-failed) units of the population is also 

important data. "The argument for including them (suspensions) in the analysis is 


that if their failure had occurred in the same fashion as other failures, the rank order 


of the other failures would have been influenced" (Ref. 4]. If the suspensions affect | 


the rank order of the failed units, then the Weibull plot will shift slightly affecting 
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the parameters beta and eta. In fact, the ages of new systems which have zero 


failures provide the essential data used to estimate the Weibayes distribution. 


D. METHODOLOGIES 
The methods used to determine if the LEN configuration is an improvement 
over the LCT configuration and to estimate the reliability of the LEN configuration 
at time "x" are discussed in this section. 
1. Detecting Improvement. 
If the Weibayes plot for the new system lies to the right of the baseline 
Weibull plot for the original system there has been an improvement with the 
implementation of the PPC since the characteristic life of the new system is greater 
than the characteristic life of the old system. Two methods were used to determine 
if the LEN system was an improvement over the LCT system. The first method 
employs Weibayesian analysis to project the characteristic life of the new system. 
The second method uses the maximum likelihood estimator (MLE) to determine if 
the probability that time-to-fail (fume) of the LEN system is greater than the time- 
to-fail (fume) of the LCT system. Both methods are discussed below. 
a.  Weibayesian Analysis 
Using Weibayesian analysis, a characteristic life can be determined 
for the LEN system. The LEN system’s characteristic life can then be compared to 
values for the LCT system’s characteristic life to determine if the new system is an 


improvement. 
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If no failures have occurred on the new System，Reference 4 gives 


the Weibayes equation for a lower 100(1- а) % confidence bound, ñ Ца) › ЮГ eta, | 


η , 35; 


Y x; (4.1) 


i=l 


"це ` lina |” 


where 


η is the characteristic life; 


В 15 the assumed value of the Weibull shape parameter; 





a R | | 
X;,,X,,...X, are the operating times accumulated by engines 1,2,...n with no 
failures; and 
n  isthe number of suspensions or non-failed units in the fleet. | 
| 


Alternatively, Reference 13 shows this confidence bound may бе. 


presented as a function of the Chi-Square distribution; namely, 


r | 1/6 
ay x; + А (4.2) 


Nua) = 2 i 
Xa, 2(r+1) 
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where 
Ха Хо» Хр are Һе r ordered failure times; 


r denotes the number of failures; and 


xi 2.1 1$ the right tail. 100(1 - a) percentile point of the Chi-Square 
distribution with 2(r + 1) degrees of freedom. 


Equation 4.1 and 4.2 are equal when r=Q since -lna = 


b. Estimate of P(X > Y) 

Statistical inference is the process by which information from sample data is 

used to draw conclusions about the population from which the sample was 

selected. [Ref. 5] 
One technique of statistical inference involves parameter estimation to obtain a point 
estimate. A point estimate is a single numerical value of a statistic that corresponds 
to that parameter. One of the best methods for obtaining a point estimator is the 
method of maximum likelihood. Essentially, the maximum likelihood estimator 
(MLE) is the value of the parameter that maximizes the probability of obtaining the 
observed outcome. [Ref. 5] 

The maximum likelihood estimate of the probability that the time-to- 


failure of a new (LEN) configuration is greater than the time-to-failure of an old 


(LCT) configuration can be described as follows. 
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Suppose 


Х 


time to failure of a new system and 
Y = time to failure of an old system, 


then the value of P(X > Y) isa measure ofthe improvement of the new system over 


the old system. Let the MLE estimate for P(X > Y) be denoted by P(X>Y). 


To obtain P(X>Y) we first note that if A;-l/n, , 
X is exponential (A,), and 
Y is exponential (A), 


then 


P(X>Y) -| ей 


у=0 хау 
= [e "оде ay (4.За) 
А 





2 · А +) 
= A,+A i 
A,+A, J d dy 


уп, 


Б (4.3Һ) 
lm + И) 


ΗΠ 
n; * n2 
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For the cases of the new (LEN) system and the old (LCT) system: 


(a) If X is time-to-failure of a LEN system and X is Weibull (ηι, В), then 
ХР is exponential (η!) . 

(b) If Y is time-to-failure of a LCT system and Y is Weibull (n, Ê) , then 
Y° is exponential (n5) . [Ref. 14] 


Therefore 
n 
P(X>Y) = P(X5>YÓ5) = (4.4) 
n; * "»2 
The maximum likelihood estimate, P(X > Y), for P(X > Y) is then: 
1? 
а= = гч (4.5) 
fi * fi 


where 1? апа ^ are the MLE estimates for п? ала п? , respectively, 


and are defined by Reference 14: 





πι 
В 
1} , 
Γι 
£ В 
E 2 ¥ (4.7) 
12 - › 
r, 
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where 


r, is the number of LEN failures in the n, LEN system tests; 


r, is the number of LCT failures in the n, LCT system tests; and 


| 
both r, and r, must be greater than zero for equations (4.6) and (4.7) to be valid x 
(i.e., no division by zero occurs). [Ref. 14]. | 





Since r, = 0 for the LEN data, another estimate, 1, P for п? must 


| 


be used. The alternate estimate chosen is formulated using equation 4.2 and is 
given by equation 4.8. It is not the MLE but is chosen because it is defined for the 
case of zero failures (r = 0). Additionally, the 50% lower confidence limit is often 
used to estimate the mean of a distribution when the point estimate for the mean is x 


undefined or has other undesirable properties. Equation 4.8 is the 50% lower | 





confidence limit for n? when zero failures have been observed. 





7 
„ «В 32 (4.8) | 
n = 2 i | 

Х5,2 | 


If r, = 0 and equation (4.8) is used to estimate nt , then a similar | 


estimate, n , Should be used to estimate п? ; where 


п 
оу ү! 
28 - > | (4.9) 
ΠΟ; 2 : 
X.5, Ur, +1) 


Thus, from equation (4.4), the estimate for P(X > Y) becomes 
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P(X>Y) = D | (4.10) 


Also, a lower 100(1 - «a)?6 confidence bound, P(X > Y) ta) for 


P(X » Y) can be computed using equation (4.11) [Ref. 14] 


1 


1 + Ра) 


P(X»Y),, = (4.11) 


where 


Diya) is the 100(1 - «)% upper confidence bound for (2f. 
ni 


Daa) can be written as a function of the data as follows [Ref. 14]: 


m 
2(r,« ^ Y? 
ЖЫ MN | (4.12) 


n, а, 2(r, * 1), Xr, + 1) 
2(r,«1)) X] 
isl 
Here F 


а, 2л +1), 2, +1) is the 100(1 - a) percentile point of the F distribution with 


2(r, + 1) and 2(r, + 1) degrees of freedom. ([Ref. 14]. See Appendix C for the 
derivation of equation (4.12) for D,,, . | 
2. | Reliability of the LEN System. 

The reliability of a system is the probability that, when operating in the 


manner intended, a system will perform its intended function satisfactorily for a 
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specified interval of time [Ref. 4]. Reference 4 shows the reliability at time x for a 


Weibull distribution, with a known beta, is expressed as: 

Кб; т, В) = е9 . Me 
If X is the time to failure of a LEN system and if X has a weibull distribution with 
known f, then no has an exponential distribution with mean 1/n?. It follows from 


the monotonicity of R(x; n, В) as a function of n that the lower 100(1 - a)% 


confidence limit for the reliability at time X for a LEN system can be expressed as: 
R(x) = e | | (x9) 
L(a) 8 
1да) 


where "US is a lower 100(1 - α) ζ confidence limit for n^. [Ref. 14] 





; (4.14) 





From Reference 14, 


2 > а (4.15) 


is a Chi-Square variable with 2(r + 1) degrees of freedom where r is the observed 
number of failures and, since r = 0, the Chi-Square variable has 2 degrees of 


freedom. Then, from the definition of xi , we have, 
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|-а = Р (2 5 Х, > 


ἊΣ οφ 
= p i=l < 2 
nb Xa, 2 (4.16) 





ух, 
" і-1 β 
= P 5 <n 
Xa, 2 





It follows from the definition of a lower confidence limit for тү? that the 


100(1 - α)2ο lower confidence limit, "ms 15 





у" 
= > (4.17) 
Na) 2 
Xa, 2 
Therefore 
R(X) 14) ж om — / y X; ) а. (4.18) 
i=] 


3. Expected number of failures. 

Next we derive the formulas for the expected number of engines that will 
fail (fume) in the next year given the current time accumulated on each non-fumed 
system. The determination of the expected number of failures will assist decision- 
makers with the projection of the engine’s logistical support requirements for the 


time period under analysis. 


43 


Let | 


x. — current total EFH for engine 1;1 = 1, 2,...,n; | 
X,  - time to failure for engine 1;1 = 1, 2,...,n; 
Y = projected EFH per engine during the next year; and 

N  - total number of LEN modifications by the end of a year from now. 


Then the conditional probability, P., that the i? engine will not fail before the end | 


of a year from now is given by 


E 


Р(Х, > (х; + Y)|X; » x) 


Р(Х > х, + Y and X,» x) 
Р(Х. > х) 


Р(Х. > x. + | 
= FX; > x, + V) (4.19). 
Р(Х, > x) | 


_ Ва, + Y) 
RG) 


= exp {-(I/n®) ((x,+¥)*-x;) } 


Using the estimate, ñ É, for nË given by equation 4.8 the estimate, Ра бог Р, 15 





β = exp Hs. / 2У | ία, a yer ) | (4.20) | 


iz] 


ы 


The expected number of engines which will not fail prior to next year is 


N N 
УР, = У РХ > Х ФУ |Х, > х) (4.21) 


ізі ігі 


Therefore, the expected number of engines to fail during the next year, E(N), is 


N 
E (N) = N - Š P(X, > x, + Y|X, > x) 
i=] 


(4.22) 


N 
ÉQ) - N - X В . (4.23) 


E. SUMMARY 

The methodology presented provides a sound framework for analyzing the 
characteristic life and reliability of a PPC whose failures can be described by the 
Weibull distribution. The inability to generate a baseline Weibull plot due to data 


constraints of the LCT system will preclude the author from both determining if the 
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characteristic life of the LEN system has improved and projecting the reliability of 
the LEN system. However, in the following chapter, the author will analyze the LEN 
system's data to determine the sensitivity of characteristic life and reliability 


projections to various beta values. 
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V. ANALYSIS 


This chapter analyzes data using the methodologies and assumptions presented in 
Chapter IV. The data was obtained from NAWC, Trenton, and the NALDA data 


base. It is presented in Appendix B. 


A. OBJECTIVES 
The objectives of the analysis are as follows: 


1. To determine the characteristic life of the LEN system for various failure 
modes (beta values). 


2. To estimate the reliability of the LEN system at the 1000 and 1500 hour marks 
for various beta values. 


3. To estimate the expected number of fumers (failures) of the LEN system 
during the next year for various beta values. 


B. PRESENTATION OF DATA 
Beta values greater than one were analyzed since the LEN system is beyond the 
initial "test and fix" stage of its life cycle where beta values are often less than one. 
The system should experience wear out from day one of operation which is consistent 
with beta values greater than one. 
1. Determining characteristic life of the LEN system. 
The characteristic life of the LEN system was determined using equation 


4.2 from Chapter IV. Figure 5.1 illustrates a 90% lower confidence bound for the 
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characteristic life of the LEN system for 1 September 1992 EFH's and 1 September 
1993 EFH projections. A 90% lower confidence bound for the characteristic life 
means that we can be 90% confident, using the data obtained, that the true 
characteristic life is greater than lies above the plotted value. Weibayes plots, 
discussed in Chapter II, are presented ln Appendix D for selected beta values of the 
data depicted in Figure 5.1. 

2. Estimating the reliability of the LEN system. 

The reliability of the LEN system was estimated using equation 4.18 
from Chapter IV. Figures 5.2 and 5.3 present 1 September 1992 and 1 September 
1993 estimates for the LEN system’s reliability at the 1000-hour mark for various 
lower confidence bounds assuming different beta values. Figures 5.4 and 5.5 present 
1 September 1992 and 1 September 1993 reliability estimates for the 1500-hour mark. 
The 1500-hour mark represents the age of the LEN system at the first scheduled 
maintenance period. The 1000-hour mark was arbitrarily chosen to contrast the 
estimated system reliability for near-term (1000-hour) and long-term (1500-hour) 


decisions points. 
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3. Projected number of fumers. 
The expected number of LEN fumers from 1 September 1992 through 1 
September 1993 was estimated using equation 4.23 from Chapter IV. The 1 
September 1993 flight hours for each engine were projected using the data presented 
in Figure 4.2. Each engine’s projected 1 September 1993 EFH are presented in 
Appendix B. Figure 5.6 depicts the expected number of fumers for the LEN system 


between 1 September 1992 and 1 September 1993 for various beta values. 


C. CONCLUSIONS ABOUT THE RESULTS 
Based upon the data presented, the following conclusions concerning the LEN 
system can be made: 
| 


x 


1. The characteristic life of the LEN system increases as operating time | 
accumulates on individual, modified systems. | 


2. The estimated reliability of the LEN system is greater for periods in the near | 
future (1000 hours) than for periods in the more distant future (1500 hours). | 





3. As beta increases, the reliability of the system decreases while the projected | 
number of fumers (failures) for the period increases. A larger beta signifies a 
more rapid wearout or failure mode. | 

4. The projections for a system's characteristic life, reliability, and expected 
number of failures are all highly sensitive to the assumed beta value. 
The analysis demonstrates there is viable method for determining characteristic ` 


life and projecting reliability of a component improvement which has not experienced 


a failure. Furthermore, the analysis demonstrates the importance of determining the 
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baseline Weibull plot for the original system. The baseline Weibull plot provides 
both an assumed beta value to determine characteristic life and project reliability of 
the new system and a yard stick for detecting improvement in characteristic life. 
Without the baseline Weibull plot, the decision maker will only have sensitivity 
analysis (as provided in this chapter) to provide feedback on the characteristic life 


and reliability of the component improvement. 
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VI. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 


A. SUMMARY 

The original objective of this thesis was to provide the TF-34-400 program 
management team with feedback which would assist them in evaluating the 
improvement and reliability of a specific component improvement, the incorporation 
of the long electroless nickel (LEN) fuel tube. As the research effort progressed, a 
significant lack of data was discovered for the orginal long carbide tungsten (LCT) 
fuel tube/swirler system. The lack of LCT system data precluded the author from 
establishing the critical baseline to detect improvement and project reliability of the 
new LEN system. 

The data limitations forced the author to modify the original objective to the 


following two objectives: 


1. Establish a list of data elements that are required to detect the improvement 
and estimate the reliability of a specific component improvement as the 
implementation process unfolds. 


2. Propose methodologies to detect the improvement and estimate the reliability 
of a specific component improvement as the implementation process unfolds. 


The author made the following two assumptions while determining the required 


data elements and proposing the methodologies: 
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1. The failure data of the old LCT system could be described by a Weibull 
distribution. 


2. The failure data of the new LEN system would also be describable by a 
Weibull distribution and have the same slope parameter, beta, as the old LCT 
system. 

The Weibull distribution and its parameters were discussed in Chapter II. 
Chapter III presented an overview of the TF-34-400 engine and an in-depth 
discussion of the fumer problem. Chapter IV discussed data constraints of the LCT 
and LEN systems, data requirements for PPC evaluation, and methodologies to 
detect the improvement and project the reliability of a PPC when the failure data can 
be described by a Weibull distribution. Chapter V presented sensitivity analyses of 
the characteristic life and reliability for the new LEN system to changes in the beta 


parameter. 


B. CONCLUSIONS 


The establishment of data requirements and development of methodologies 


necessary to detect improvement and project reliability provides a framework for ` 
engine program management teams to assess the impact of PPC's during | 
implementation. This thesis demonstrated the importance of determining the old | 


LCT system's baseline (point of origin), gathering the proper data elements to | 


measure, and converting that data into useful feedback via the proposed 


methodologies for determining improvement and reliability. 
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This thesis concluded that when a system’s failures can be described by a 
Weibull distribution there are two critical pieces of data to measure for both the old 
and new systems. First, the time-to-failure (age) of each failed system must be 
determined using a common reference point (ie., engine flight hours). Second, the 
ages of suspended (non-failed) units must also be determined. 

This thesis proposed two methodologies for detecting improvement and one 
methodology for projecting reliability. Improvement in characteristic life can be 
detected when the characteristic life of the new system is greater than the 
characteristic life of the old system (Equation 4.8). Additionally, improvement is 
detected when the probability of the time-to-failure of the new system is greater than 
the time-to-failure of the old system (Equation 4.10). Reliability for the new system 
can be projected using Equation 4.18. 

Valuable feedback, such as system improvement and reliability, can be gained 
from tracking a PPC as implementation unfolds. However, before the methodologies 
proposed in this thesis can be fully implemented, the program management team 
must ensure the required data is being tracked at operational levels. 

As more testing is accumulated on the engines that have the new design and 
"fumer" failures begin to occur, alternate statistical methods for assessing the 
improvement of the new design should be explored. When the number of failures 
is between one and five, the methods used in this thesis could be used but with the 
degrees of freedom equal to 2(r+1), where r is the number of failures; that is, use 


Equation (4.2) with an assumed Beta. It would be wise, however, to compute the 
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MLE point estimate, B, of B using existing statistical methods found in Reference 


15. The MLE point estimate, В, should be compared to the assumed beta value 


in the Weibayes method. If these values differ by more than roughly 20%, then 


alternative methods to the Weibayes procedure should be considered. The variance 


of this estimate, f, will be quite large when the ratio of the number of failures to 


the number of items tested is less than 1/3. Bain in reference 15 has developed 


constants which when multiplied by the MLE estimte, f, yields an unbiased 


estimate. However, the variance of the unbiased estimate still remains large. 
After a significant number of failures ( 25) become available, the alternative 
statistical procedures that have been developed in Reference 15 can be used to 


develop improved versions of the measures of improvement developed in this thesis. 





1 
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In addition, other measures such as exact confidence limits on the reliability and on 


the parameters m and f could be introduced that would provide added meaning 


and credibility to the assessment on improvement. 


С. RECOMMENDATIONS 
The author makes four recommendations. 


l. Determine data requirements. 


The data reference points (ie., engine flight hours, hot/cold cycles, 


number of starts) must be determined and tracked for systems of interest. This data 


is not only essential for assessing component improvements but can also be valuable 


for enhancing other logistical support decisions such as maintenance planning and | 


life management. 





| 





2. Establish a baseline. 

Prior to implementation of a PPC, establish a baseline for the system 
being replaced so the effect of the change can be accurately assessed. 

3. Employ a standard methodology for evaluating component improvements. 

For example, if the failure data of various component improvements can 
each be described by the Weibull distribution, use the methodologies presented in 
Chapter IV to evaluate improvement and project reliability for each component 
improvement. Standardization generally reduces variability and therefore should 
improve the quality of the feedback. 

4. Establish a lead engine program for component improvements. 

A lead engine program accelerates operating time (age) on a percentage 
of the engine fleet so advanced feedback on improvement and reliability will be 
available to enhance decision-making. The Air Force has implemented the lead 
engine concept with their Pacer Century Program for the F-15 and F-16 engine 
programs. "The purpose of the Pacer Century Program is to gain, from actual 
operation, early intelligence on engine integrity, reliability, and maintainability" [Ref. 


16]. Reference 16 states the objectives of the Pacer Century Program are 


1. "to identify potential premature engine component failures by an early analysis 
of trends/failure rates and assist in the identification of corrective actions." 


2. "to assess scheduled maintenance requirements." 


3. "to rapidly advance engine/module/accessory maximum Life Limits consistent 
with the capability of the hardware." 
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4. "to identify potential impact on future spares support." 


5. "to identify hardware life impacts on system support costs." 


The Pacer Century Program allows the Air Force to pursue a proactive vice reactive 


Strategy in their F-15 and F-16 engine programs. 


D. 


. Perform an in-depth analysis of the Air Force Pacer Century Program to 


. Conduct an analysis of the various data bases (ie., Naval Aviation Logistics 


RECOMMENDATIONS FOR FURTHER RESEARCH 


The following two items are recommendations for further thesis research. 


| 
| 
| 
| 
| 


determine the viability of incorporating its concepts and techniques into the 
Navy’s Component Improvement Program. 





Data, Aircraft Engine Maintenance System, and Engine Component 
Improvement Feedback Report) to determine an efficient, "user-friendly" | 
format for reporting the required data elements for evaluating component ， 
improvements. 
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TF-34-400 ENGINE LIFE DATA FOR THE LEN 


APPENDIX B LEN DATA 


CONFIGURATION; 
BUILD ENGINE 
DATE SER # 
920519 202031 
920426 202440 
920812 202088 
910624 202427 
920721 202156 
920601 202071 
920721 202262 
920717 202394 
920808 202151 
920827 202354 
920806 201021 
920511 202150 
920625 202179 
920701 202298 
920627 202048 
920728 202375 
920701 201119 
920712 202424 
920726 202074 
920619 202259 
920408 202025 
920518 202212 
920420 202273 
920618 202215 
920527 202116 
920214 202147 
910912 202188 
1 202401 
911108 202404 
910905 202426 
910709 202364 
910830 202189 
920402 202325 


DATA THRU 1 SEP 1992 


TUBE 
TYPE 


LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 


DAVIS 


LOCATION 


KITTY HAWK 


GUAM 
VS-22 
J.F.K. 


USS WASH 


У5-41 
ү5-32 
VS-27 
ALAMEDA 
VS-32 
VS-22 
GUAM 
VS-24 
CECIL 
ATSUGI 
OAKLAND 
OAKLAND 
NORIS 
OAKLAND 
ALAMEDA 
NIMITZ 
NORFOLK 
VRC-50 
VX-1 
VMO-2 
V3-41 


‚ UNK 
ALAMEDA 
ALAMEDA 
NORFOLK 
VS-41 
VS-27 


МОТН 


ЕЕН MONTHS 
OF SINCE 
ENGINE BUILD 


i 
-оОо>ьмооэоооооооооооооооосососо 


21 
26 


47 
55 
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SINCE 
BUILD 


кә 
> O Ú N & WAN PP P P P N P N Q O O O PP PP N FP О = (У 


UNK 


910809 
920408 
920319 
920210 
910914 
910828 
911206 
920303 
910816 
911204 
910522 
910620 
910112 
910424 
910926 
910618 
910401 
910516 
901211 
901219 
910729 
910410 
910916 
910618 
910301 
900831 
910320 
910225 
901213 
901130 
910708 
910822 
910408 
901219 
910807 
910410 
901220 
901208 
900717 
TOTALS: 


202174 
202304 
202008 
202121 
201116 
202420 
202106 
202028 
202062 
201110 
202158 
201102 
202254 
202239 
202263 
202090 
202412 
202075 
202163 
202190 
202231 
202204 
202117 
202015 
202051 
202085 
202224 
202311 
202234 
202214 
202137 
202257 
202294 
202091 
202283 
202169 
202319 
202022 
202226 


PAX 


DAVIS MOTH 
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UNK 
VS-24 
VRC-50 
VRC-50 
VS-41 
νδ-29 
VX-1 
VS-41 
VS-32 
ATSUGI 
У5-33 
КІУЕН 
VS-41 
NORIS 
VS-29 
У5-24 
VS-38 
VS-30 
VS-41 


VS-27 
VS-38 
VS-27 
VS-33 
VQ-6 
VS-29 
VS-35 
VS-41 
VRC-50 
UNK 
VS-27 
VS-27 
VS-41 
VS-35 
VS-32 
NORIS 
VS-21 
VS-231 
У5-21 


TF-34-400 ENGINE LIFE DATA FOR THE LEN 


ENGINE TUBE 
SER # ТҮРЕ 


CONFIGURATION: 
BUILD 
DATE 
AUG 93 
JULY 93 
JUNE 93 
MAY 93 
APR 93 
MAR 93 
FEB 93 
JAN 93 
DEC 92 
NOV 92 
OCT 92 
SEP 92 
920812 202088 
920721 202156 
920721 202262 
920717 202394 
920808 202151 
920806 201021 
920618 202215 
920827 202354 
920426 202440 
920619 202259 
920601 202071 
920728 202375 
920712 202424 
910624 202427 
920701 201119 
920519 202031 
920627 202048 
920518 202212 
920726 202074 
920511 202150 
920621 202298 
920701 202179 
920408 202025 
920420 202273 
920527 202116 
920214 202147 


LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 
LEN 


1 SEP'.1993 PROJECTIONS 


LOCATION EFH 
OF SINCE 
ENGINE BUILD 
1 

2 

4 

41 

79 

116 

163 

210 

257 

316 

374 

433 

VS-22 144 
USS WASH 165 
VS-32 165 
VS-27 165 
ALAMEDA 144 
VS-22 144 
VX-1 190 
CECIL 144 
GUAM 215 
ALAMEDA 186 
VS-41 186 
OAKLAND 165 
NORIS 165 
J.F.K. 253 
OAKLAND 165 
KITTY HAWK 206 
ATSUGI 186 
NORFOLK 206 
OAKLAND 165 
GUAM 206 
VS-31 165 
CECIL 165 
NIMITZ 215 
VRC-50 218 
VMO-2 214 
VS-41 243 


МОМТН5 
SINCE 
BUILD 


VO OO +J O MN & WD F> 


910912 

1 
911108 
910905 
910709 
910830 
920402 
910809 
920408 
920319 
920210 
910914 
910828 
911206 
920303 
910816 
911204 
910522 
910620 
910112 
910424 
910926 
910618 
910401 
910516 
901211 
901219 
910729 
910916 
910410 
910301 
910618 
900831 
910320 
910225 
901213 
901130 
910822 
910708 
910408 
910807 
910410 
901220 
901208 
900717 


TOTALS : 


202188 
202401 
202404 
202426 
202364 
202189 
202325 
202174 
202304 
202008 
202121 
201116 
202420 
202106 
202028 
202062 
201110 
202158 
201102 
202254 
202239 
202263 
202090 
202412 
202075 
202163 
202190 
202231 
202117 
202204 
202051 
202015 
202085 
202224 
202311 
202234 
202214 
202257 
202137 
202294 
202283 
202169 
202319 
202022 
202226 


LEN DAVIS MOTH 
ΓΕΝ - UNK 
LEN ALAMEDA 
LEN ALAMEDA 
LEN NORFOLK 
LEN VS-41 
LEN VS-27 
LEN UNK 
LEN VS-24 
LEN УКС-50 
LEN УКС-50 
LEN VS-41 
LEN М5-239 
ГЕМ VX-1 
LEN VS-41 
LEN Vo=32 
LEN ATSUGI 
LEN VS-33 
LEN PAX RIVER 
LEN VS-41 
LEN NORIS 
LEN VS-29 
LEN VS-24 
LEN VS-38 
LEN у5-30 
LEN VS-41 
LEN DAVIS MOTH 
LEN а 
LEN VS-27 
LEN У5-38 
LEN VQ-6 
LEN VS=33 
LEN VS-29 
LEN VS-35 
LEN VS-41 
LEN VRC-50 
LEN UNK 
LEN VS-27 
LEN VS-27 
LEN VS-41 
LEN τσ 
LEN NORIS 
LEN VS-21 
LEN VS-31 
LEN VS-21 
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253 
279 
291 
299 
308 
327 
291 
333 
302 
344 
349 
396 
406 
314 
384 
428 
422 
454 
468 
472 
481 
514 
545 
549 
560 
563 
592 
606 
628 
628 
637 
637 
655 
662 
687 
689 
722 
763 
761 
766 
771 
795 
813 
891 
913 
30740 


APPENDIX C: FORMULA DERIVATION FOR һ, а) 


Recall that equation 4.12 gave a formula for D,,), the upper 100(1-а)% 


қ 
confidence limit for E . That formula is derived in this Appendix. 


ІШ 
From equation 4.4 recall that 


Р=Р(ХВ > У) = 


(СІ) 








в | 

Clearly the last fraction in (C1) decreases as 5 increases. Consequently, an | 
1; 

1 


ga) 


is an upper 100 (l-a)% lower confidence 


· ie., a lower bound for 


8 
upper bound for E is a lower bound for 
1 


Р(Х? > УР). Specifically, suppose D 


u(a) 


Ее n; f? 
limit for | — | , then 
"n, 
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P 
l-a=P 2 Виа 
n 
P 
= P 1 "ης 972 
ШІ 
(С2) 
= P І > l 
1 + ο i PC Dua) 
ni 
= Р|р(Хв > уђ > То 
1 + D а) 
From the definition of a 100 (1-а)% lower confidence limit, is a 
Ы и(а) 
100 (1-а)% lower confidence limit for P(X? > YP). 
n;Y 
To find (ће (100-а)% upper confidence bound for |— |, D, recall that the F 
ШЕ 


distribution random variable F 


9 9 
Γι΄ Τι 


with r; and r, degrees of freedom is defined 


2 





γι Γι 
бу [Ref. 14]. 
Xr/ 7 
Additionally, 
πι 5 
2), ΙΝ ; (C3) 
β 5 X2(r, + 1) 
"ni 
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апа 
(С4) 


і-1 2 
= ап 
| 


were r,,n,, r, and n, are defined in equations 4.6 and 4.7. 








Therefore 
τ 
у х 
i=l "1 
| 2(r, +1) x? 
n! "Үү >. !| (26,41) 
"2 ү? "n, —— 2(r,+1) 
— |] 20, + 1) Y; 
i=1 1; \ isl 
2 
Хоб, + DIU + 1) 
| (С5) 


2 
Kur, + 1) | Ary + 1 


| 


Е Ar + 1), 20 + 1) 


ре (ће 100 (1-а)? percentile point of the Foe 20,0] 


If we let p 2(r, * 1), 2(r,*1) 


probability distribution, then 
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(1-а) = P [Е и, +1), 2(ғ,» 1) 5 τ 2(n, + 1), 26; » υ] 


β 
2, М 2(r,+1) 














P m, om F 
= η n, 2(ғ,-1) 5 a, 2(r,+1), 2(r, +1) 
1 yy 1 
x izl | / 
4 (Сб) 
к 2+0 У и 
B 2 іг! 
ain E " nos m Hn 2(r,*1), 2(r;*1) 
2(+ Y) XI 
i=l 
В 
= n < D, 
Tn 
у 15 the 


This, by definition of an upper 100 (1-α) 7» confidence limit, says that. D, 


expression in Equation 4.12. [Ref. 14] 
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CUMULATIVE PERCENT FAILED 
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CUMULATIVE PERCENT FAILED 


- 


WEIBULL DISTRIBUTION 





* ачна 
— ИИППИТ ШТА ЕНЕ 
шшш ычу ЕРА ΠΠ ΜΗ 
алаа. prop pru Tp pat) 
«FERE em ren caen qme ООУ 
93 = 1612 (0 i 
mi ΠΛ 1) а ОТТ тт 


Ш Εμ. ЕН —— 

10.0 чш ИШ Hr ttar Це и КАТО 
— La Lm Шың el at LT 
so Пор ти LLL "ШШШ TET ТЕ Атр 
s [III ы ДВЕ ES ST aA ee Ваи 
Ex | | | ||| НЕРАВА Н ШИ ЕЕЕ: 
40.0 ЕТАН ҮҮНҮН ДАДА. 


— U1 1Η 
ου Ημ 1. БЕРШІ! ШЕШ ШЕРІ 
1 ГАНС | ΠΠ ЕЕ 


ља | ИЦ ГІШ ІШІ I-A ШІ ТІ НА Тит 
ІШІІГІ ИЦ ИШ ШИШИШИ! 


КЕКЕНЕ te ы 
ΙΙ | =. ЕЕЕ 
η АНА 14-01-70 HII M НІШ 


ΠΠ ΠΠ 
ШЙ! [ΠΠ ΠΠ] 








ο een иу τ᾽ 
EU — ΗΠΑ ту . 
0.5 ке HAUGH Τη n | a | 


| — ЧЕГІН 

iT aE 
ШЕШІП TRITT ΠΤΙ ТИЙ ШЕ 
A ΒΙ 


ИШТ 


ed 
OPERATING HOURS (EFE) 


73 


FAILED 


CUMULATIVE PERCENT 


WEIBULL DISTRIBUTION 
ο eee 






ο ο ο πι τη RR 
prm 90% LOWER CONFIDENCE BOUND С Н 







BETA = 4, FAILURES = 0 po n 一 


ШШ HE TRE TELLE RN ІШІ 
so e Ia TITLE B 
of ЕАУ АДА АЕ У УУ ar 
ита ла ан ин А И ЕШ E Да ora e η η 
2 в ыу Ее: dau ELLE 
δὰ ὃ CeCe ΠΠ ΠΗ͂Ι 
πι ιτ ΠΠ τπτ ΠΠ ΠΠ τα ШІН 


— 
0 
end OR PIRE ESTER oe ЕШ Co ot VT ДЦ ГЕРА ИЕ 
40.0 Ен Hunt |) 


30.0 ης: Т-Н 
ОЕ ү ІШІЕЕІШІШІ 
" ——„500000000 TTT 


ΠΠ CECA 
а μι ІШІ 


ІШІ Ш | ЕШ 
А = pH — 
III! ІШІ 


Π. | ШШ 


ΠΠ 


OPERATING HOURS (EPH) 







ETA 1992 » 853 (BOLID LINE) 
"uj KTA 1993 = 1297 (DASHED LINE) 











74 





10. 


LIST OF REFERENCES 


Naval Air Systems Command Instruction 5200.35;Ser Air-536, Dated 25 Jan 
1982. 


Sudol, E. G., and Price, L.D., "Evaluation of Aircraft Turbine Engine 
Redesigns", Master's Thesis. Naval Postgraduate School, June 1990. 


Butler, R. S., "Preliminary Analysis of the J-52 Aircraft Engine Component 
Improvement Program", Master's Thesis. Naval Postgraduate School, June 
В 


Abernethy R. B., Breneman J. E., Medlin C. H., and Reinman G. L., 
Weibull Analysis Handbook, Pratt & Whitney Aircraft, Nov. 1983. 


Hines W. H., and Montgomery D. C., Probability and Statistics In 
Engineering and Management Science, Second Edition, John Wiley & Sons, 
Inc., 1980. 

General Electric Company, "TF-34 Configuration History", April 1990. 


Notes from TF-34-400 Program Management Team Meeting, Wsahington 
ШКЕ 21 = 25 Ѕер 1992. 


Lockheed-California Company, NATOPS Flight Manual Navy Model S-3A 
Aircraft, Change 1, 15 Sep 1987. 


General Electric Company, ECP 23KG8061 "Shortened Fuel Injectors", May 
1979. 


"TF34-GE-400 (All Series) ECP AL-776 Implementation", Commander, 
Naval Air Systems Command, 16 Jan 1992. 


Telephone Conversations between Otto J. Kaes, Program Manager, U.S. 
Military Programs: J85/T58/T64/TF34, General Electric Company, and the 
Author, 29 Sep and 9 Oct 1992. 


Metz, Thomas R., "TF-34-GE-400B Field Failure Analysis Interim Report", 
Naval Air Propulsion Center, Trenton, NJ, 14 Feb 1986. 


75 


I 


15 


16. 


| 
Telephone conversation between Bruce King, Engineer, Depot Naval Air 
Station Alameda, and the Author, 15 Sep 1992. | 


Bain, L. J., Engelhardt, M., Introduction To Probability and Mathematical 
Statistics, Second Edition, PWS-Kent Publishing CO., 1992. 


Bain, L.J.,and Engelhardt, M., Statistical Analysis of Reliability and Life- x 
Testing Models, 2nd Edition, Marcel Debber, Inc., 1991. 


"Pacer Century IV Memorandum of Agreement (MOA)", Department of the 
Air Force, March 1991. 


76 


INITIAL DISTRIBUTION LIST 
No. Copies 


Defense Technical Information Center 2 
Cameron Station 
Alexandria, Virginia 22304-6145 


Library, Code 52 2 
Naval Postgraduate School 
Monterey, California 93943-6145 


Defense Logistics Studies l 
Information Exchange 

U.S. Army Logistics Management Center 

Fort Lee, Virginia 23801-6043 


Commander l 
Naval Air Systems Command 

Code 536B 

Washington, DC 20361-5360 


Professor Walter Max Woods, Code OR/WO ] 
Department of Operations Research 

Naval Postgraduate School 

Monterey, California 93943 


Professor Alan W. McMasters, Code AS/MG 2 
Department of Administrative Sciences 

Naval Postgraduate School 

Monterey, California 93943-5000 


Commander ] 
Naval Air Warfare Center, Aircraft Division 

Code 24 

P.O Box 7176 

Trenton, New Jersey 08628 


77 


10. 


ІШЕ 


27 


Commander 

Naval Air Systems Command 
Code 53615B 

Washington, DC 20361-5360 


General Electric Company 
Mr. Otto Kaes 

Program Manager - TF-34 
1000 Western Avenue 
Lynn, Massachusetts 01910 


LT Scott L. Martens 

VS-41 

NAS North Island 

San Diego, CA 92135-5152 


Mr Wayne Shade 
44 Breckenridge Drive 
Sicklerville, New Jersey 08081 


Commander 

Naval Air Warfare Center, Propulsion Division 
ATTN: Mr. Scott Cote 

Warminster, PA 18974 


78 














DUDLEY NOX LIBRARY 
NAVAL F.-STGRADUATE SCHOOL 
MONTEREY cA 93943-5101 





DUIS 4. dore 







μ 4 
« 1 ТЫ! 
n ας LIT 
N: ως 






ЦЕЛЕ — 1 
ru Ti In SOT 
(uL t? .. ... 
EMI e 


um 














LE ЕН % "UR fo е дн Я га" ] ^ Li КУР 
— К, nos DM H tn RAUM я А "rod teen rN x” 
Ч πα. w р d " 
P^ 
Ἀμμ! 







НЕ he i 

С μην M t pas 

C и А ИТ AR 1 H тену D 5 
TP t Ar mnm ΝΣ 2 DEL 1 ΠΝ 


ЫЙ LAU Џ ro 3 
好 к PESE НАТЕ ҚЫ САЛА 
































ο Т ғ E 





ura EUM PE 


UH) Ld ‚өй 
h CE 







ne Е ОГ м, К К КУТРИ АА 
ий РРА ЋЕ бы pim у — DESDE pe " aaa c 
ы LU M z TED er > 
ЛЕ Н Я apos К Kae ΤᾺ МАУ БОГ ears Ds E — 
ж В . 5 


ον ΠΤ 
ТАЯ Р ΓΣ 
* 


n : 
[η da 244 7) А 2 —* * Li D ; к .. 
кр d (Мы ; RE у — Я —— n АРАГЫН. 






λεν, 
МАТА. 
ЗИМИ И ч А 

РОР || 






























































эм | Қ 5 H 
αρ * Ч NS febr ro d MES КИ zi TNR АС | і 
қарды [η fi R D N CEA TE КА Ын 1 * NY a тр ҚАТЫН teh, hae a Ne А πα ΜΥ. 
— E: 2 АГРЕ АҒАЖАН t —45* q 3 а ΤΠ Μπ ο] Pb pe PERI do mE EA Crete ο ΜΗ 
n nrw 2 ТІГЕ visa T СА Үн» - "m ñ ү ΠΡΙ ПА E EU ГАЧ 四 rs 3 МАРА PIE τν 
" ЖАУ 5: а 1 ? у ney 1Η р ΠΟΠ — реу 43 ЕИ) „оов, ре ? 
5 AUTE Se AYO rj ΜΗΝ НО р —— Orie А SSE OHO, 
НАСЫ ΤΗ n —* ΩΙ d LS ολη: A Der LEON are 
ΡΕ —— nt» was @ TAY ПИ Т ti а ТІНЕ 
РАЈ ЖОЛ ле М uri lot Ар pasta wr Wb ν ΠΝ це» TN ΝΤ е PISO: 
CAM Es Ly Y Д “4, = Ως ЕЈ ΠΤ КЕЛЕТ PTE Lm Hpi i , [PM РУДИНЕ ЕЦ Н ΠΩ Ln 
r$] — * ie oe ID TELA FAT С U JU VO А ИН ET 


LLLA oe I aw 


dye — 
А P 






Й 
νυ ΟΡ 
he, 















СР КА ГОДАН 
rts ғам ПР Aon 
1 Phua t 4 " { 
D» “ DLE ghee, ПА алаған. СТІ А 







































































в. NOCH и; μαι f 4 1 oft 
Dum ers Er 5 ABE ЯГЫ О LIC + М О 
ка e S B ARUM. ы” Le ToS PM a М "1% КИ Ж. p Pats ee * МА 
муве БАГ НА МАО L ү Ment „ЧАЮ Ы een AQ * **: 5 ; Kot v „ү у? ^ .. 
РАМЕ) М. ГУАМ ΠΟΠ Abe DE TTE I ye под үзе %, n А 
sity | 1 Р ч irr ЖАТТЫҒУЫ КУ МЕ МИА A а — UEP nm сЗ — — H a. ΠΠ ΕΤ E d ΠΣ J ы "rm coe 
Erro E m “7 DITE (x TG 2 M b D dé LP TES DLP Lr ΜΜΕ ΠΙ is. race ve an er TE 1: D " а ἐν εἰ — А Н | 
аны MAB Mtoe ty dr E ὃν * ; TIL А v 2 еші эм) АЈ ΤΉΝΕ A РИКИ ТЈ n 3 πα μα πι a 
РБ УРА РРА А Xt d Ц НОЛИТ. "DER ΛΟ тақ К ле 
Fearn ted ey ar САРЫ HOS ἭΝ ἐ΄ | ее; ας ИТАН ком 
ΠΤΙ УМА — > 22 A πο κ . ] Ы d Жы үлы 


[F yka эй] À. "КыЛ d 2 а a - t б 
ЕТТИ * OI UAE —— w Е : Y , i у HET 


| б D > СТАР 
ne i Ë ΜΗ d rim E A EPEN 









































3 P 
НАД * (ло: р ΟΠ УЫ “+ 
га e d É ΩΙ Η Наа А P ба к a 6. DE m лала M "o t 
и) 3 i L Ч nz & E "EI ЕНЕ ЕТШЕ "рауы ΤΟ 
ы; ет ? C га 4 Porte η ΣΎ ΠΗ ur ДН 4 Ын: iy 


и ΠΝ Ent $ 





ыр Ж 


















' i 1 КРОТ РОС A E КІЛТ іс? n uL 
PE top MNT us ΜΥ ҰҒЫ d OR ῃ ο ΠΗ͂ 了 ҮЕ 
"oe T NEL. ΡΣ H Rn Tra г ` h E ИШ ΠΗ καὶ ΠΟΠΗ van чү, жр бүчү к 
` © "H 










Hn Ú 
ТА, rm КРАЕ РТУ LUE Н ἐμ 
[Erg ET ERE ΗΝ 




























Ed НАН e НЕ ni mn Ға wor Á 
—— — Кен үг; geni де ΜΕΣ ЖШТ d. 
РО САВ ых h ἂν m БАНАНА * ҰНАСА ТАН ke + - 
ΟΡ УР КИЙМ ЫГЫН ИАА “ë ΙΑ η, ЕТ) 
Ру“ EL ДУ РРА па [πμ OS Oe ar по ну Ме M 
νο; « $. E " 2 PTT mee ry + = 


Thks ' 
к x 
Г 


toed. 


> 





ПЕЕ ia 
n L 


τ 


Н 
тр μονά 
eh be £s 








EY 















































































































































ж2, 
Неа Нин Ра Hi ph dt dum “.. 1. * HC 
как "m K3 и A A I DES i йө: СЕ А 
FUR ο AALA ρε ми ДО ЕЈ ну 
jag P 4 БВ Е ELA EET EE *$ — и САТА 
3% ш зан E г У 1 ЕЕ ion E ГЫ Пију [^ LS εἴν. “4 N D as va fg s n [SI αλ LE ..” ЕТЕТ 1 а nre D *. 
ΠΩ 477 5 7 ἈΠΕ ΠΡΟ ἢ м” ΟΠΗΣ ЕТЕКТІ УРАНА NN Pe eS ЈЕ — ΓΡ ΠΗ ΡΟ - Eu 
H B MS H MIU № HY E 8* Ὁ ΙΕ ΑΙ Prats ДАТ DL LT γι. Li ur T МЕ уаты š ass 
PT ΚΡ ΝΑ ^ W TS ME va СЕ E ЕЛЛАР н E ἨΏΣ П ы» И ΤΟΝΟΣ ΠΡ, ΤΏΙ. % 7 у 
Vilis. ^ АИ | ΤΗΣ) Ew? Јар TE RO Т Га МОНА TTT) TN T * Р ^ «δες XP м іс Эм ШҮ; ΠΠ uer T E 
E. Т: гене | PX š ү ΠΟΙ КЕЛ, 人 НК ТР КЫ Ө v! ГЕНІ , "D 
Ж” c rng EACH: Е E | D 1 " ЖОНУ, ΝΤΟ. Mo oa p ος КЕ Pe ойлар АС ИРА "m "MEE # 4 Ы "TET П E e А Т 
CE 14 < б Е Ј its ОП resi: te ми f. πα 17] T “ε ТЕТІ! nA re $t oc chase " Д . 64 D "PE 
n 4 ~ р d Т τ δ ΣΎ. Ц ДМ 2 .. ~ i : 
Mn pue МР 7. ПРУ um П а: eh F МЕТ ue K y Ы m TOME 1 г у 
На ~“ rj lu ШОН Т йү, gute ЫТ ЈЕ ΠΣΕ г P Жа 
ЖАҒА ev. PIT Σι Dl dat fom n қ д К " SIN Mie ІТ ЭЖ” ж ЗІНІ г P А 
НА Ж ГИН i h Ms TR И : Н Б Se SP i ; 45 "EE Pr S METH "no IT M "n ... — 
[OM i Г н “ИЕ к ы.” —— αν x NE 2 H 7 
~ 1j m С T a Seth? TS Ы "M +) te leper E E , " n 4 0 oe 
%- Ғе; ГУЫ [E а! ΤΗ E Qa 9 ë ΠΤΙ; 1% „ РАДА 2 7 * ым о со йа, бе О PIT] 4 LII Ir 
«ἐν % ΚΟ; DIT NI) 755515 z x yes 4 init ἐ εὐ; É 44... ҚҰТЫ Й CUP 
MA * det — ЦА "nu .. ЕИ 5 V Е n ~ 
И n PON У m4 x Mu LTD: BU! "menm НО ur v Ны ат — 
Js Tn һу атты» sty τ m UU "em s PEL x d + Sip Dede ba RE HRs Pee Sey е. 94.4, 人 — р "ег ть |: 
ΑΣ ΠΗ͂Σ ΤΚ қақы ИР NUTS Tem Migs. р L ΝΤ МР νε ИЛ р а 1 2 
reri жәке E puero Pu Tr PHI TET. шн. 
ras PIT tein дра > a Ж ПАРК ГЫН Г Σεν δει "DP Pte 
LA ПЕ: ХУН М quani "TEES πο CE 4 Lr RI) f); 
“ Му ТҮ ava B — t Rm Ы Le " Й РЫ 
Ris (АРГА. 村 g О [LI . E О ЖЛ 
* PD By dj E | D 了 Т x ТП 
—— d pA 2 Е 








614 


αλ πα a 


MUTET ҒЫ 





CAILE] oY В AE 









































































А 
ы, 5 А H 有 М Oi ST ery 
г А к νο) А f 3 ΠΠ ΤΙ YI ТАНА Ν ὙΠ αν 
Pay —* ҒА жылғ РЕНЕА UC Pie wid Dru e CDM DAT use |a 
imn Ta fs Ж t n A EDU Ше 222 Lari Аы ШЫ ы E E 4 Ж. НЯ πα. па ..00 2:2 4 
TA N Жей ‘ab І IN Pla JOUET TUNE | зе у И 
Ж А TTE —— E “y ' ШААН: 132 а 41}. * МЕН } η "ы 11 m ΗΤΟ 
әү бар? А H ү „г " Un: f — LL "i Ж ЧТ ot оре : n E Аа Т ' 
у BA oy Бына ы τση НИЛ ОИ στα Б. | a η и“ 1.48 5-4.“ ТТ 
ЛАР sass Least] 5 АДЛ 14 р М TUNE INA [HE TREE 87% ҚИЫ че СИ 
іі» Paren E ICA ate ποτ | 
i Н 


7%; үні Fit tr ot 





DH LE a Џ 


ры 17% 














“ 

ЖОКЛЕ ΤῊ 

7 — у 
$ m 
um] 

αλ 

Ы 

а 

D 






" 
у 
E ie м 


M 

Pies 

H * 
* У А 


































| г > U ` Ше? eT PUE MIS 

2 | ИМ H s H 4% ү ἃ "m КЕ Ον РТ РЈ 4, 

Я > * ET : ) М ` s ΠΠ А E 4 n wat at Cu ТЕТІ ος ЖОЙ" 
ж eX ETHER t ТЕЗІ КГПУ ш —3 И А ДЫҒЫ ЛА 


ATIT Ν На 


ЕН e 


КЕТИ; й PLE 
leet n E 
























ә 



















ΤΏΡ ΠΗ ү 
: АРИНЕ РГ 
Я Ud ñ š η. L Led M^ t И T 
[ον К E šf 47) >> ^ ; С КЕС ҮЛТҮ; {1 2 πῇ ~ Wray on ia t 
RNC: L чи ay ` Nn d АЕ b ПИН € 

ww eif С H А ГА ο. „еу m” ЛОМА СИ tee "m '.. ~ ады 2:6 

Ц ПТУ РНС А НЕ ПИЈА МЕЗЕ T ЗАО НЕ. 





АНЫ TR R 
“... 3 





Li 
ам = wort TAE: 


Мамама? Ve gy Imt 
914222 | a 


ντο πο σι 
и d'ec 
, m 





Маи 


« 







ЧЫК м 

η 4”, A1 
YU 
ΗΗῚ 












hata ow 
СР 


















































































[ Ον D Ў Дели — LENT р р 
N 45 — ς ο, ὃ Е — hes “, Ἢ ЙТІН ΠΟΙ 2, MU TS n ο. 
* [TEM πο. ҖЫ ` *.. МЕ Ж 
LII MS ИЗ fer ? 4 H t; ——— — i ~ ТЯ », ЖУАЛЫ КИЛИ . Е r 
NTC NT URS R Ў L HIN КОРИ EDT mE 4 ҒАТ — ` d . РЕР É Р 
d Lo M e AM ELIF АА ТЕТІ À РЕЗЕ ETT EE h, 
2454429 Е : 4 N : көн ^ 2 B 
πε а ен МАН EU Ισ, TET ; ИЯ 4 ipm eR Pa EID TAE EM Y Ку 
ἃ ГІД | МА = + А Ч 72 * HP . Т: ГАИ И 6. TETELE ГЫ " 
MOS t 5 АТАҒА. ) ΓΝ i. қ Su D Rn — ον. x 
р k " 3 НЫД: >“ eet 
ΗΕ, f EU THEM 


. 
dl: DIDI ШАП "m ΩΝ ΩΙ 
` 

























































ση ΗΝ ΙΣΤΩΝ vA Re n 1 
1 5 ” LO ПЕРЕ ЛЕЖЕ РЫ м 184 ам 
НД ET 4... 
Малы Г M = H НР teal, 
H veiba PCS ΚΗ ΚΤ r ZELUM A 
МИНИ DUM Md 2 p а. AA Не "MS mtd oud Fees РА ПР ΣΤΟΠ 1 а К E TP" TI D 
nn D EL Ж К КАЕ, Ре [Y] 2 nt ИИ? узы, СПАДА МТ ЕРИ — ΠΠ — — ^% тє а — ite? ГАИ! р Кро о 
А] 1 АКО К Ы E Ελ) PR p А КИТТИ Нн? 7 ΠΜ] f pA МИ РРА “Р ΝΕ πΧ u ПАСТУ ΠΠ 4% 40 . 
ағ) и” Уу 54! 2% a T ET - "ed. ILI] Бы "as a v $. E EE DI ATH E ААЫА А Је О ИН ЈИ КЕ AE VEI τν, ; .. КОЛА . 
7 А у а E 4” ΠΡ 45504 У чу Sg Ws | ' a ҚАТАЛ” Й ΙΙ 
κωδ n P ЗНАК ЖАТ КРАЕ PNE TIPS. 1, АТА, pt ра + 
МИН 594 ін! Жі 541 АА: te tree "n o DPI TS Vn "дь ` 








TNI M 









M P LH ы 
"LEAL ILIAD П 













— и. 
A 81 22 
ШЕ КИЕ Mee ge «ἐν 
ы 5 x М; ША ΤΝ 
— КЕРӘ 
* As 





t 
; И И 





AG 1 z s "à 
. 
























иг) ү ЖА ке jy ШЕ aa N 
ni Sn. Au a Ta VENE Ke Un АКАН — 
M ^ * pits, jj 9 g 
EA AIC Vs ы t Rn р ) à y iat AT RE B - cat s 
m : - Г | 
| о“ MINCE ΡῈ es 





у 
— eH PT р 
МЕД, PL E ” x TEE Шы А 
κ] МАР κ Lu HA " a ἌΝ ΠΝ h ΠΕ | i fest f А ë en ) 


СА МНА САРЕ sa JI 






n 
ГЕ ҚА” д КІЛТІ 


ΠΝ I τ: > ve Н 
























' ВАА "n 944,744” A b 

ΠΝ РА: p UM T 5 ΜΉΝ > КЕ uc m Қ 
Q к 
ЧЕ У Ii ШК ns ΓΣ "um M MULT oy 
Я КЫ ЕН a WILD ‚$ 
Бү КЫЗ | 


ae 


д 了 ҚР ms 
МЫ [20 
ОЗНА 5 t Ub enr eh 








t 
5%, ОЕ ы ЕЕ 














Е DIS * E r riga mt at s ЖҰТТЫМ ТЫ СИСАР 
—— ЊЕ aa Uu H 《到 9 ЖАРА, y d џ E "у Қ HET itn | ma TN — 
pa Oi 3 * UNR Ны ; ; М ЕТ 449, 55 "n SU pe ay 
П Н | 4 А А ч ЕЯ ГИ ИНЕ its DE М Ма 





Ы Зар 
ης ы Т D. CR 
[LA er P POS: .» m: 
Bd ; NA MEUS АНАМЕН ЫЫ 
СЕ 1. πο ΤΑ " ry 
н « .'ν 4 ME T ЯҒЫ 
r ee EPA PETI 
< 4 diea Н 
9 PH 
ШАН; 


















y PETITS 
Met Jy 
































nans 








PT ~ KQ 













5 ы у йл 1 А E Р 
m "E í МУ А m 
EN 7 " ~ 5 EE FS 
ap АНЕ d 47 274 * Net +. Mu i 
1 П rane s» НИ! а» ANN LAT] 
: ΠΝ Im Basel ГЕ 
мб HD ha ИН ү aC МН 
TIR ЫЗЫ un AUS A 


ΗΠ ; А T 
A? xÉ Ках 34; ы ΠΠ H И s 4 He 
inr "273 J m [NS CETT 


9 Ж +) М 3 an REM i 





к өз ТЖ ν 


— ИЕ АЈ 
wee E 









LS. wu niti 
E t ДИ. М 24 








baer 


AG Г 
pee Еу 





